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1. Summary / Zusammenfassung 1

1. Summary / Zusammenfassung

SUMMARY

Niche partitioning is an important process that enables different species to
coexist in the same areas. The partitioning of niches can prevent out-competition
of one species by another species and therefore stabilizes coexistence. Famous
examples of niche partitioning among closely related species are the Darwin
finches and the cichlid fishes. In many bat species, adaptations for niche
partitioning have been found, e.g., clear differences in habitat use, foraging
modes, foraging activity patterns, echolocation, size or wing shape can be
observed. However, in some closely related and similar species, adaptations for
the partitioning of niches are small and therefore hard to find.

In this dissertation, the focus was on two ensembles of closely related,

sympatric and similar bat species that occur in Europe. Species from both
ensembles are known to forage close to or within dense, structured vegetation. In
this habitat, manoeuvrable flight is essential for effective prey pursuit and
avoiding collisions with vegetation. The hypothesis is that resource partitioning in
the studied species is affected by differences in morphology and, hence, the
ability to manoeuvre within vegetation.
Therefore, the external morphology of the species was compared for adaptations
to foraging style and for differences among species. This was done by taking
wing pictures (standardized pictures of the bats with outstretched wings) of all
individuals; these photographs were later analysed in regard to the measures
taken and the size-independent ratios of the wing, body and tail. Additionally,
each species’ ability to fly in artificial vegetation was tested for manoeuvrability
performance. The differing densities of vegetation, such as trees and bushes in a
forest, were simulated with an obstacle course with varying obstacle spacing.
Furthermore, the differences in manoeuvrability performance were related to the
morphological measurements.

The first ensemble tested consisted of the greater mouse-eared bat
(Myotis myotis, Chiroptera, Vespertilionidae) and the lesser mouse-eared bat
(Myotis blythii, Chiroptera, Vespertilionidae). The two species differed in their
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overall size, wing-tip shape and tail-to-body length ratio. The lesser mouse-eared
bat performed better (fewer obstacle touches or landings) in the obstacle course
than the greater mouse-eared bat and was, therefore, considered to be more
manoeuvrable. Although differences in the wing-tip shape were observed, the
most important characteristic affecting manoeuvrability in both species was found
to be the newly defined tail-to-body length ratio. Additionally, when comparing
two bats with injured wing membranes with unharmed bats of the same species,
no differences in manoeuvrability could be found, even when the wing shape was
asymmetric. Therefore, morphometric differences between the two species in
their overall size and, more importantly, in their tail-to-body length ratio were
postulated to be the main physical characteristics that provide evidence of
adaptation to different foraging and feeding strategies.

The second ensemble studied consisted of the five European horseshoe
bat species (Chiroptera, Rhinolophidae). The five species differed mainly in their
overall size, even though there was overlap among the three intermediate-sized
species for some variables (arm-wing area, tail length, tail area, body length and
body area). The smaller species performed better than the larger species in the
obstacle experiment, with the exception of Rhinolophus blasii. Although R. blasii
is the second smallest bat, its performance was most similar to that of the second
largest bat, R. mehelyi. The manoeuvrability performance of all five species
improved throughout the experiment but not in consecutive trials. When relating
the manoeuvrability performance to morphometric measurements, the overall
size differences, and especially a shorter body length, seemed to play a major
role in better manoeuvrability.

In regard to manoeuvrability, the smallest species, R. hipposideros, and
the middle-sized species, R. euryale, are best adapted to forage within dense
vegetation. The species, R. blasii, R. mehelyi and R. ferrumequinum, seem less
well adapted to forage in dense vegetation. The results show that these bats are
well adapted to different microhabitats within the habitat where they occur
sympatrically. However, the differences found among the five species are small,
and when compared with other species, show that these five species are all very
well adapted to forage within vegetation. In a similar experiment with
Myotis myotis and M. blythii (first ensemble), both species performed more poorly

in the obstacle course than any of the five horseshoe bat species.
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Finally, different common methods for measuring external morphology
(traditional morphometrics) were closely studied and tested for their ability to
discriminate among species. In addition to the traditional morphometrics, a newer
method, rarely used until now (in regard to external morphology), was included:
geometric morphometrics. Geometric morphometrics are increasingly used in the
biological sciences to analyse variation in shape and to discriminate among
species and populations. Here, the ability of traditional versus geometric
morphometric methods was compared for discriminating among European
horseshoe bats based on morphology of the wing, body and tail. In addition to
being used in a comparison of morphometric methods, geometric morphometrics
were used to detect interspecies differences in shape changes.

Geometric morphometrics yielded improved species discrimination relative
to traditional methods. The predicted shape variation in the between-group
principal components revealed that the largest differences among species lay in
the extent to which the wing reaches in the direction of the head. This strong
trend in interspecific shape variation is associated with size, which was
interpreted as a consequence of evolutionary allometry.

Altogether, this dissertation sheds new light on the processes that might
enable the two Myotis species and the five Rhinolophus species tested to coexist
in the same regions without too much competition. In both ensembles, the role of
smaller overall size, and especially a shorter body length, a longer tall
(independent from overall size) and larger tail area played a major role in
improved manoeuvrability performance. We used improved methods compared
to older studies, and with regard to external morphological measures, geometric
morphometrics was introduced as a better method for finding differences in the
shape of the wing, body and tail. In both studied ensembles, similar
morphological traits were found to have an impact on manoeuvrability
performance, and we found new shape differences among the species. Not only
can these results help with better discrimination of other bat species and their
niches, but these new findings add to a better understanding of bat flight

mechanics.
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ZUSAMMENFASSUNG

Die Spezialisierung fur eine bestimmte 6kologische Nische ist ein wichtiger
Prozess der es verschiedenen Arten ermdglicht in den selben Gebieten
zusammenzuleben. Diese Anpassungen flr verschiedene 6kologische Nischen
kénnen verhindern, dass eine Art durch eine andere Art dezimiert oder verdrangt
wird, wodurch die Koexistenz beider Arten stabilisiert wird. Berihmte Beispiele
fur die Anpassung an bestimmte Nischen sind die Darwin Finken als auch die
Buntbarsche (Cichliden). Bei vielen Fledermausarten wurden ebenfalls
Anpassungen an bestimmte Nischen gefunden, z.B. bei der Habitatnutzung, den
Aktivitatsmustern wahrend der Nahrungssuche, bei der Echoortung, der
Korpergrosse und der Flugelform. In manchen, nahe verwandten und sehr
ahnlichen Fledermausarten sind die Anpassungen an bestimmte Nischen
allerdings klein und daher schwierig zu erkennen.

Diese Doktorarbeit befasst sich mit zwei Gruppen (Familie der Glatthasen
und Familie der Hufeisennasen) solch ahnlicher und schwer zu unterscheidender
Fledermausarten, welche sympatrisch in manchen Regionen innerhalb Europas
vorkommen. Von den Arten beider Gruppen ist bekannt, dass sie nahe oder in
Vegetation nach Beute jagen. In diesem Habitat ist eine hohe Mandvrierfahigkeit
fur eine erfolgreiche Jagd und das Verhindern von Kollisionen mit Vegetation
unabdingbar. Es wurde daher die Hypothese aufgestellt, dass die Unterteilung in
Okologische Nischen bei den untersuchten Arten durch unterschiedliche
Morphologie und hiermit zusammenhangend durch unterschiedliche
Mandvrierfahigkeit in Vegetation, gewahrleistet wird.

Hierzu wurde zunachst die aussere Morphologie der Arten nach
Anpassungen an ihre Nahrungssuchstrategie und Unterschiede zu anderen Arten
untersucht. Dies wurde mit Hilfe von Fligelbildern (standardisierte Bilder von
Tieren mit ausgestreckten Flugeln) gemacht. Von den Fligelbildern wurden
anschliessend verschiedene Messungen innerhalb der Flugel-, Kérper- und
Schwanzregion durchgefiihrt und gréssenunabhéangige Verhéltniswerte (Ratios)
berechnet. Zusatzlich wurde getestet wie gut die Arten in kinstlicher Vegetation
fliegen konnen. Hierfir wurde die Mandvrierfahigkeit der Arten gemessen. Die
verschieden dichte Vegetation (wie z.B. Baume oder Blische in einem Wald)

wurde mit einem Hindernisparcours mit unterschiedlichen Hindernisabstanden



1. Summary / Zusammenfassung 5

simuliert. Schliesslich wurde die Mandvrierfahigkeit der verschiedenen Arten mit
den morphometrischen Messungen verglichen.

Die erste getestete Gruppe bestand aus den zwei Mausohrarten Grosses
Mausohr (Myotis myotis) und kleines Mausohr (Myotis blythii). Beide Arten
gehoren zur Familie der Glatthasenfledermause (Chiroptera, Vespertillionidae).
Es konnte aufgezeigt werden, dass sich die zwei Arten vor allen Dingen in ihrer
Gesamtgrosse, der Flugelspitzenform und der Schwanzlange relativ zur
Kdrperlange unterschieden. Das kleine Mausohr erbrachte eine bessere Leistung
(weniger Hindernisberihrungen oder Landungen) im Hindernisparcours und
wurde daher als mandvrierfahiger erachtet. Obwohl Unterschiede in der
Fligelspitzenform gefunden wurden, war die in Relation zur Korperlange
gesetzte Schwanzlange das wichtigste Merkmal welches die Mandvrierfahigkeit
in beiden Arten beeinflusste. Zusatzlich wurden auch zwei Mausohren mit
Fligelverletzungen auf ihre Mandvrierfahigkeit getestet. Erstaunlicherweise
konnten keine Unterschiede zu Ihren Artgenossen aufzeigten werden. Dies war
sogar bei einem verletzten Tier mit asymmetrischer Flugelform der Fall.
Zusammenfassend wurde daher gefolgert, dass die morphologischen
Unterschiede zwischen den zwei Mausohrarten in Bezug zu ihrer Gesamtgrésse,
jedoch noch wichtiger zu ihrer Schwanzlange relativ zur Korperlange die
wichtigsten  korperlichen Faktoren sind, welche eine Anpassung an
unterschiedliche Nahrungssuch- und Beutefangmethoden bewirken.

Die zweite untersuchte Gruppe bestand aus den funf verschiedenen
Europaischen Hufeisennasenarten: der kleinen Hufeisennase
(Rhinolophus hipposideros), Blasius Hufeisennase (Rhinolophus blasii),
Mittelmeerhufeisennase (Rhinolophus euryale), Mehelyi-Hufeisennase
(Rhinolophus  mehelyi) und der grossen Hufeisennase (Rhinolophus
ferrumequinum). Diese funf Arten unterschieden sich hauptsachlich in ihrer
Gesamtgrosse, allerdings konnte eine Uberlappung innerhalb der drei
mittelgrossen Arten (R. blasii, R. euryale und R. mehelyi) fir einige
morphologischen Messungen (Armfliigelflache, Schwanzlange, Schwanzflache,
Kdrperlange und Korperflache) festgestellt werden. Kleinere Arten zeigten, mit
Ausnahme der Blasius Hufeisennase, generell eine bessere Leistung im
Hindernisparcours als gréssere Arten. Obwohl die Blasius Hufeisennase die

zweitkleinste Art ist, zeigte sie nur eine ahnlich gute oder sogar schlechtere
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Mandvrierleistung als die Mehelyi-Hufeisennase welche am zweitgrossten ist. Im
Verlaufe des Experiments verbesserten alle Arten ihre Mandvrierleistung, jedoch
nicht innerhalb direkt hintereinander folgender Durchgénge. Als die
Mandvrierleistung mit den morphometrischen Messungen in Verbindung gesetzt
wurde, stellte sich heraus, dass die Gesamtgrésse, vor allen Dingen hierbei eine
kurzere Korperlange, die wichtigste Rolle fur eine bessere Mandvrierbarkeit
spielt.

Zusammenfassend konnte gezeigt werden, dass bezuglich der
Mandvrierbarkeit  die  kleinste  Art, als auch die  mittelgrosse
Mittelmeerhufeisennase am besten an Nahrungssuche in dichter Vegetation
angepasst sind. Die Blasius Hufeisennase, die Mehelyi-Hufeisennase und auch
die grosse Hufeisennase sind weniger gut an die Nahrungssuche in dichter
Vegetation angepasst. Diese Ergebnisse deuten darauf hin, dass die
untersuchten Arten sich in ihrer Mandvrierfahigkeit gut an verschiedene
Mikrohabitate innerhalb der Regionen in denen sie gemeinsam vorkommen
angepasst haben. Jedoch sind die Unterschiede zwischen den Hufeisennasen
klein und im Vergleich zu anderen Arten sind alle Hufeisennasen sehr gut daran
angepasst in Vegetation zu jagen. Im gleichen Hindernisparcours Experiment mit
Mausohren (erste untersuchte Gruppe) zeigten beide Arten eine schlechtere
Mandvrierfahigkeit als alle finf Hufeisennasenarten.

Schliesslich wurden die verschiedenen, bekannten morphometrischen
Methoden (traditionelle Morphometrie) beziglich der Flugel-, Koérper- und
Schwanzregion néher betrachtet, sowie auf ihre Fahigkeit der Artunterscheidung
verglichen. Zuséatzlich zu den bereits bekannten Methoden wurde eine neuere,
bisher in Bezug auf externe Fledermausmorphologie, kaum benutzte Methode
einbezogen: die geometrische Morphometrie. Die geometrische Morphometrie
wird zunehmend in der biologischen Wissenschaft dazu verwendet,
Formunterschiede zwischen Arten und Populationen festzustellen. Hier wurde
nun untersucht inwieweit die traditionellen morphometrischen Methoden im
Vergleich zur geometrischen Morphometrie dazu benutzt werden kdnnen
korrekte Artunterscheidungen der finf Europdischen Hufeisennasen anhand der
Fligel-, Korper- und Schwanzregion durchzufihren. Zusatzlich zum
Methodenvergleich wurde die geometrische Morphometrie dazu benutzt weitere

zwischenartliche Formunterschiede zu finden.
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Die geometrisch morphometrische Methode resultierte in einer deutlich besseren
Artunterscheidung als die traditionellen morphometrischen Methoden. Die
Extremform fur die Variation entlang der wichtigsten Zwischengruppen-
Hauptkomponenten (between group principal components) zeigte auf, dass die
grossten Unterschiede zwischen den funf Hufeisennasenarten in der Reichweite
der Flagel in Kopfrichtung zu finden waren. Dieser starke Trend der
Fligelreichweite in Kopfrichtung war assoziiert mit der Gesamtkorpergrésse und
wurde interpretiert als eine Folge von evolutionarer Allometrie.

In dieser Dissertation wurden neue Erkenntnisse zu den Prozessen
entdeckt, welche die Koexistenz der untersuchten Mausohren und
Hufeisennasen in denselben Regionen ermoglichen. In beiden Gruppen spielte
die geringere Gesamtkorpergrosse, insbesondere die kiirzere Korperlange, eine
wichtige Rolle fiir bessere Mandévrierbarkeit. Zusatzlich, unabhangig von der
Korpergrosse schien ein langerer Schwanz bzw. eine grossere
Schwanzflughautflache die Mandvrierbarkeit zu verbessern. Die verwendeten
morphometrischen Methoden in Bezug zur &usseren Morphologie wurden im
Vergleich zu alteren Studien verbessert und ein neuerer Ansatz (geometrische
Morphometrie) als bessere Methode eingefiihrt, um Formunterschiede zu finden.
Da in beiden Gruppen ahnliche morphometrische Eigenschaften eine Rolle fir
eine verbesserte Manovrierfahigkeit zu spielen scheinen und neue
Formunterschiede bei den untersuchten Hufeisennasen gefunden wurden,
konnen diese Methoden und Ergebnisse nicht nur fur zuklnftige Studien zur
Artunterscheidung und Nischendifferenzierung hilfreich sein, sondern helfen

zusatzlich die Flugmechanik von Flederm&usen besser zu verstehen.
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2. General Introduction

Ecology is the scientific study of the abundance, distribution and
interactions of living organisms and their environment (Leibold et al., 2004). One
main goal of ecology is to understand the processes that facilitate species
coexistence. One of the most important processes enabling coexistence of
different species is the partitioning of niches (Schoener, 1974; Leibold and Mc
Peek, 2006). The term niche dates back to the beginning of the twentieth century
when Grinnell (1917) used this term to describe the specific habitat requirements
and behavioural adaptations of a bird species. Later, niche was defined by
Hutchinson (1957) as a multidimensional set of biotic (e.g., predation,
competition, parasites and food availability) and abiotic (e.g., climate, sunlight,
altitude and wind) conditions in which a given species is able to exist. The
partitioning of such niches can prevent the out-competition of one species by
another species and therefore stabilizes coexistence (Chesson, 2000; Levine and
HilleRisLambers, 2009). The process of species differentiation and specialization
towards different occupied niches, and therefore reduced competition, generally
takes place over long time periods, encompasses several dimensions and spatial
scales and is, therefore, often difficult to prove or disprove (Brennan, 1988;
Goldberg, 2006; Grant, 1972; Schoener 1974).

One famous example for the partitioning of niches among closely related
species are the Darwin finches (Darwin, 1859). Currently, about fifteen Darwin
finch species are known to occur on the Galapagos Islands (Grant and Grant
2008). Their beaks are different in size and shape (a form of character
displacement) and enable the species to feed on different food sources (Darwin,
1859; Grant and Grant, 2008). Another nice example includes the cichlid fishes of
the African lakes. Approximately 1000 cichlid species can be found alone in Lake
Malawi (Kornfield and Smith, 2000). These fish are very diverse in morphology
and colouration, and forage in different microhabitats on different foods (Kornfield
and Smith, 2000; Meyer et al., 1990; Seehausen, 2006).

In bats, many adaptations to niche partitioning have been found as well.

Most bat species forage in specific habitat structures, such as open space, edge



10 2. General introduction

space (near the edges of buildings and vegetation or above the ground and water
surfaces) or cluttered / narrow space (on or very near to dense structured
vegetation or the ground) (Neuweiler, 1984; Aldridge, 1985; Denzinger and
Schnitzler, 2013) (Fig. 2.1.).

ground

above

Height

Figure 2.1: Foraging zones of differing bat species in a region within India. The open space foraging
zone is used by Tadaria aegyptiaca (T.a.), Taphozous kachhensis (T.k.), Taphozous melanopogon (T.m.),
Rhinopoma hardwickei (R.h.), Pipistrellus dormeri (P.d.) and Pipistrellus mimus (P.m.). The edge space and
cluttered space zone is used by Hipposideros speoris (H.sp.) and Hipposideros bicolor (H.b., arrows indicate
typical flight paths for this species) and the ground gleaning species Megaderma lyra (M.l.). From Neuweiler
1984.

Bats have evolved adaptations to different habitats with their echolocation
signals, e.g., constant frequency (CF) signals, frequency-modulated signals (FM)
or signals with FM and CF components (Neuweiler, 1984; Schnitzler and Kalko,
2001; Siemers and Schnitzler, 2004; Denzinger and Schnitzler, 2013). Bats have
also evolved different foraging modes, such as foraging in aerial mode, trawling
mode and within or close to vegetation: foraging in flutter detecting mode,
passive gleaning mode or active gleaning mode (Denzinger and Schnitzler,
2013). On the basis of the different foraging areas, foraging modes and diets can
all bats be classified to seven different guilds (Denzinger and Schnitzler, 2013).
Differences in foraging activity patterns can also enable the partitioning of a niche
(Emrich et al., 2014). Furthermore, differences in size or wing shape were found
to be adaptations to specific niches in the sense that bats foraging in open space

are generally larger with narrow wings, high wing loadings and pointed wing-tips,
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and bats foraging close to vegetation are generally smaller with broader wings,
more rounded wingtips and low wing loadings (Alridge and Rautenbach, 1987;
Norberg and Rayner, 1987; Norberg, 1994) (Fig. 2.2).

®;
/ Fast flight in open areas
Local migration
/ ¥ o néCtivares x Pteropodidae
Siow fightin open areas 4 -, AVERAGE WING SPAN" 4 Rhinopomatidae
Migration =] P L ] .‘_-" " {_," b E P
; s, i + . °l, / . o mbaiionund‘ae
¥ . a Craseonycteridae
x = N
LONGWINGSPAN * & © TSN o Nycteridae
° / * ¢ Megadermatidae
: oy SHORT = Rhinolophidae
L
g o 5 WINGSPAN Hipposideridae
s .
g g
| " L
2 o
g - Anchintbai < Noctilionidae
_-~"" Fastfight within clutter @ Mormoopidae
. Hovering, short fights . Phyllostomidae
Il Frugivores, nectarivo )
isecivores, camivores § o offX Y X%, FUGOIES, NECIATVOT® o Natalidae

» Thyropteridae

-2 X
/ X o Vespertilionidae
/ inidae
WING SPAN / ¥ Myt
d 3 e Molossidae

<t Wing-loading component ———»-

Figure 2.2: The figure shows a scatter plot of the second and third components of a multivariate
analysis of wing morphology in a wide range of bat species from 16 families. The second component is
correlated with wing loading [(body mass)/(wing area)], and the third component is correlated with aspect
ratio [(wing span)Z/(wing area)]. This study shows nicely how wing shapes are correlated to specific flight
behaviours and specific habitats. From Norberg, 1994. The additional red circle indicates an example for a
region within the plot where several species of the family Vespertilionidae have very similar values for aspect
ratio and wing loading.

However, in some cases, bat species are very similar although they
appear in the same regions. Often, these similar species are closely related to
each other; that is, they belong to the same family (see red circle in Fig. 2.2 as an
example). In these cases, adaptations for the partitioning of niches are small and
therefore harder to find (Saunders and Barclay, 1992; Jacobs et al., 2007; Jacobs
and Barclay, 2009; Krueger et al., 2014).
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GENERAL AIM

The general aim of this dissertation was to focus on similar and closely
related species that co-occur sympatrically and to study under controlled and
standardized conditions the ways in which adaptations for a foraging strategy
may differ within ensembles of bats. Investigating how such similar species differ
is important to an understanding of the processes that encourage coexistence
and the specialization to foraging niches.

The focus was specific to bat species that are specialized to forage on or
close to vegetation. In this type of habitat, foraging bats face sensorial and
mechanical challenges. The prey echoes in open space that are easily
recognizable can get overlapped or masked by echoes from vegetation in narrow
spaces (Schnitzler and Kalko, 2001; Denzinger and Schnitzler, 2013). The
echolocation system of bats specialized to cluttered environment is highly
sophisticated for detecting prey (Emde and Menne 1989, Kingston et al., 1999;
Schmieder et al., 2012; Denzinger and Schnitzler, 2013), or other cues, such as
passive listening are used for this task (Kulzer et al., 1984; Arlettaz et al., 2001;
Page & Ryan 2005; Siemers & Swift 2006; Goerlitz et al., 2008; Jones et al.
2011). On the other hand, slow, manoeuvrable flight is essential for effective prey
pursuit and avoiding collisions with vegetation. Previous studies have shown that
bat species of smaller size or lower mass (low wing loading) can forage in more
complex environments and are more manoeuvrable (Alridge and Rautenbach,
1987; Stockwell, 2001; Sleep and Brigham, 2003). In addition to the usually short
wings with rounded wing-tips, broad wings and a large tail membrane known to
improve the ability to make rapid changes of flight direction result in better
manoeuvrability (Norberg, 1994; Dudley, 2002; Gardiner et al., 2011a; Gardiner
et al., 2011b; Adams et al., 2012).

In the past, many studies dealt with the sensorial and mechanical
problems bats face close to obstacles, such as vegetation. In many cases, the
performance of bats was tested with help of obstacle courses. The use of
obstacle courses has a long tradition in bat research. More than 200 years ago,
Spallanzani showed that bats can avoid strings in total darkness (Galambos,
1942). In 1920 and 1941, Hartridge and Griffin defined ultrasonic waves as the
way bats orientate during their flight (Hartridge, 1920; Griffin and Galambos,
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1941). While Hartridge described bat flight during many different situations, Griffin
presented vertically suspended wires in a standardized way. From 1960 onwards,
several scientists focused on the sensory basis of string detection (Schneider and
Mohres, 1960; Schnitzler, 1968; Mogdans et al., 1988). In 1985, Aldridge began
experiments, mainly on the manoeuvrability of British bats. He showed that the
manoeuvrability of the tested species played a major role in the selection of their
foraging sites. Therefore, he stated that the choice of foraging site is dependent
on the animal’'s ability to fly and on its ability to detect prey within that site
(Aldridge, 1985). For his manoeuvrability experiments, Aldridge used strings
(binder twine), which were suspended vertically in several rows (Aldridge, 1985;
Alridge and Rautenbach, 1987). Since that time, many other scientists have
conducted obstacle experiments with different bat species (Jones et al., 1993;
Rhodes, 1995; Kingston, 2001; Stockwell, 2001; Barber et al., 2003; Waters and
Vollrath, 2003; Barchi et al., 2013; Falk et al., 2014; Sandig et al., 2014).

Researchers who have conducted experiments with obstacle courses have
encountered some challenges. First, if someone wants to compare former
obstacle experiments, there may be problems with comparing the results
obtained by different investigators because the enclosures, the type of obstacles
and the number and position of the obstacles (e.g., only one or several obstacle
rows) varied. Second, it may be difficult or impossible to distinguish between the
limits to an animal’s ability to perform a particular flight task as being attributable
to sensory or mechanical constraints (Dumont et al., 2009).

In this dissertation, | focused on two ensembles of bat species of the family
Vespertilionidae and the family Rhinolophidae that are adapted to forage close to
vegetation. An ensemble is defined as a phylogenetically restricted group of
species that exploits similar resources within a community (Fauth et al., 1996).
Both ensembles were tested in similar obstacle courses for their mechanical
performance by measuring the bats’ manoeuvrability. To rule out sensory
challenges, the obstacles were designed to be easily detectable for the bats (Fig.
2.3 A and B).

In addition to the flight performance, external morphology measurements
of the studied species were compared for adaptations to the species’ foraging
styles, for differences among species and, most importantly, in combination with

the obstacle course experiments to determine the influence of morphology on
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manoeuvrability. In the course of this dissertation, | recognized the need to
further develop the external morphology measures for bats; therefore, the
methods changed slightly (see the example of wing pictures Fig. 2.3 C and D) in
comparison to former studies, and the last chapter deals only with morphological

measurements.

Figure 2.3: Set up for obstacle avoidance experiment (a-b) and external measurements (c-d): a)
Close-up of one obstacle; b) View of obstacle course from below; The differently coloured markings indicate
the testing of differing obstacle spacing; ¢) Wing picture of a Myotis myotis; d) Fixing a Rhinolophid bat with a
specific type of tape when taking wing pictures. The head of the bat was covered before taking the
photographs to minimize the disturbance from the light.

The focus ensembles consisted of two mouse-eared bat species (Fig. 2.4
and 2.5) belonging to the guild of passive gleaning foragers and all five European
horseshoe bat species (Fig. 2.6) belonging to the guild of flutter detecting
foragers. These two ensembles were chosen because, besides the similarities of
the included species within each group, the ecology of the species had already
been studied in several field studies. Therefore, it was possible to compare
earlier results with the results of the experiments conducted under laboratory
conditions for this dissertation. The species did not occur sympatrically in all
regions in Europe; however, in south-eastern Europe, this was the case. The
study site for all experiments was therefore located in Bulgaria, where all species

occur in higher numbers.



2. General aim 15

Figure 2.4: Greater mouse-eared bat (Myotis Figure 2.5 Lesser mouse-eared bat (Myotis
myotis) after experiments and during release. blythii).

Figure 2.6: European horseshoe bats: A) Rhinolophus hipposideros, B) R. blasii, C) R. euryale, D) R.
mehelyi, E) R. ferrumequinum.
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ABSTRACT

Two sympatrically occurring bat species, Myotis myotis, Borkhausen 1797,
and Myotis blythii, Tomes 1857 (Chiroptera, Vespertillionidae), share numerous
similarities in morphology, roosting behaviour and echolocation and are often
difficult to distinguish. However, despite these similarities, their foraging
behaviour is noticeably different. Our aim was to examine the extent to which
these different foraging strategies reflect morphological adaptation. We assessed
whether the morphology of the wing, body and tail differed between M. myotis
and M. blythii. In addition, in a laboratory experiment involving an obstacle
course, we compared differences in manoeuvrability by relating them to our
morphological measurements.

The two species differed in their overall size, wing-tip shape and tail-to-
body length ratio. The generally smaller-sized M. blythii performed better in the
obstacle course and was therefore considered to be more manoeuvrable.
Although differences in wing-tip shape were observed, we found the most
important characteristic affecting manoeuvrability in both species to be the tail-to-
body length ratio. Additionally, when we compared two bats with injured wing
membranes with unharmed bats of the same species, we found no difference in
manoeuvrability, even when the wing shape was asymmetric. We therefore
postulate that morphometric differences between the two species in their overall
size and, more importantly, in their tail-to-body length ratio are the main physical
characteristics providing proof of adaptation to different foraging and feeding

strategies.

INTRODUCTION

In the wild, populations of closely related and similar species can often be
seen foraging in the same habitats. Famous examples include the Darwin finches
(Darwin, 1859) and East African cichlid fishes (Meyer et al., 1990). At first
glimpse, these closely related species might appear to be in strong competition
with each other, but specializations can usually be detected in their feeding
niches (Schluter, 2001). For flying animals, such as bats or birds, the ability to
perform manoeuvres is crucial in avoiding obstacles and approaching prey in
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dense vegetation (Findley et al., 1972; Norberg and Rayner, 1987; Norberg,
1994). Differences in manoeuvrability have generally been considered to be an
important factor in niche differentiation and, ultimately, to represent a
fundamental process underlying the adaptive radiation of bats, which are the
second most species-rich mammalian order (Aldridge, 1985; Aldridge and
Rautenbach, 1987; Norberg and Rayner, 1987; Voigt and Holderied, 2012). In the
context of flight, manoeuvrability is usually defined as the minimum radius of a
turn an animal can achieve without reducing its speed. Another term related to
aerial manoeuvres is agility, which is defined as the maximum roll acceleration
during the initiation of a turn and is therefore measured based on the rapidity with
which a flight path can be altered (Norberg and Rayner, 1987; Norberg, 1994). In
an ecological context, the term manoeuvrability refers to the ability to fly through
limited space while avoiding vegetation or other obstacles. Thus, our definition of
manoeuvrability includes agility.

Chiroptera encompasses over 1230 species distributed worldwide
(Schipper et al., 2008; Kunz et al., 2011) exhibiting diverse wing morphologies
and, in the case of species using echolocation for orientation, differentiation in
echo-acoustic characteristics (Neuweiler, 1984; Schnitzler and Kalko, 2001).
While we can predict that morphologically and echo-acoustically different species
will use and perceive the world in different ways, there are examples of species
that co-exist in the same environment despite showing little or no measurable
morphological or echo-acoustical difference. It is not obvious how these species
can coexist without strong competition (Saunders and Barclay, 1992; Arlettaz,
1999; Jacobs and Barclay, 2009; Salsamendi et al., 2012a). Investigating how
these morphologically similar and closely related species adapt to different
feeding and foraging niches should lead to a better understanding of the
mechanisms that encourage coexistence and foraging niche specialization.

The European greater mouse-eared bat (Myotis myotis, Borkhausen 1797)
and the lesser mouse-eared bat (Myotis blythii, Tomes 1857) can sometimes be
found roosting together and even occasionally hybridising (Berthier et al., 2006).
Regarding morphology, M. myotis is very similar to M. blythii in general, though it
is usually slightly larger than M. blythii (Arlettaz et al., 1991; Dietz et al., 2009).
The echolocation calls of these species are similar, and although differences

occur, none of them appear to be consistent among all individuals. Thus,
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distinguishing these two species in the field is difficult (Russo and Jones, 2002;
Walters et al., 2012). However, despite their morphological and acoustic
similarities, these two species show behavioural divergence in foraging behaviour
(Arlettaz, 1996, 1999; Berthier et al., 2006; Siemers et al.,, 2011). M. myotis
prefers habitats with open accessible ground, in contrast to M. blythii, which
typically hunts in long grass meadows (Arlettaz, 1996; Guttinger et al., 1998;
Arlettaz, 1999; Rainho et al., 2010; Siemers et al., 2011). Our purpose was first to
more closely examine the wing, body and tail morphology of these two species to
determine whether they actually differ only in their overall size, or if differences in
shape exist as well. We expected that all of the length and area measurements of
the wing, body and tail of M. blythii would present significantly lower values
compared with M. myotis. In other words, we expected to find that the main
difference between these species is due to their different sizes and that the two
species are simply scaled versions of the same model (Norberg and Rayner,
1987; Stockwell, 2001; Andreas et al., 2013). Then, in a second step we sought
to ascertain whether the differences in the ecology of the two species could be
attributed to morphological adaptations, followed by differences in flight
performance. Arlettaz (1996) speculated that M. blythii gleans insects directly
from grass stalks, which would require greater manoeuvrability than M. myaotis,
which lands on the ground to catch prey (Arlettaz, 1999). We followed these
suggestions and hypothesised that M. blythii is morphologically better adapted
than M. myotis to slow, manoeuvrable flight, close to or within dense ground
vegetation (e.g., long grass meadows, steppe-like areas). We assumed that the
smaller wing span of M. blythii would play a major role in making the species
more manoeuvrable than M. myotis (Norberg, 1994; Stockwell, 2001). However,
in cases where the observed morphological differences deviate from the overall
size, we assumed that the two species would differ in a way that is consistent
with M. blythii being more manoeuvrable, for example, presenting a wing shape
with more pointed wing-tips (Findley et al., 1972; Norberg and Rayner, 1987;
Norberg, 1994). To test our hypotheses, we compared wing, body and tail
measurements of the two sibling species as well as size-independent wing shape
ratios and indices (Norberg and Rayner, 1987; Norberg, 1994) (Table 3.1).
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Moreover, we evaluated the manoeuvrability of both species in a
standardised vegetation-like obstacle course (Aldridge, 1985; Rhodes, 1995;
Stockwell, 2001).The results obtained from the obstacle course were first tested
for variability between species. Second, we removed the species variable and
instead included the morphological variables to assess how these parameters

contributed to performance differences.

MATERIALS AND METHODS

Animals

We caught bats using a harp trap (Faunatech, Victoria, Australia) or mist
nets (Ecotone, Sopot, Poland) at the entrance of caves in northeastern Bulgaria
from the beginning of May until the end of August 2010. The capture and
husbandry of the bats and behavioural analyses were carried out under license
from the official Bulgarian authorities (MOEWSofia and RIOSV-Ruse, permit
numbers  193/01.04.2009 and 205/29.05.2009) in accordance with
recommendations of the Canadian Council on Animal Care for bats and the
EUROBATS Resolution 6.5.

We identified the two species based on differences in forearm length
(M. myotis: 5.5 - 6.7 cm and M. blythii: 5.1 - 6.2 cm) and upper tooth row length
(caninus to the 3rd molar, M. myotis: 0.92 to 1.06 cm and M. blythii: 0.81 to 0.95
cm) (Dietz et al., 2009). Individuals of intermediate size (forearm length between
6.0 - 6.2 cm) were not used in the experiments because they could not be
precisely identified to the species level. All of the bats were sexed and weighed
(electronic scale, Kern, EMB 500-1, d = 0.1 g, Balingen, Germany), and further
standard measurements (body length, wing span, tail length) were obtained with
a dial calliper (Measy 2000 calliper, Switzerland, precision 0.1 mm) (Fig. 3.1 B).
Only adult bats were used for the experiments.

The bats were retained for a maximum of 10 days at the Tabachka Bat Research
Station (Bulgaria) of the Sensory Ecology Group (Max Planck Institute for
Ornithology, Seewiesen, Germany). Up to six bats were housed together in a
cage (49 cm length x 37 cm height x 35 cm breadth) at 20 °C £ 3 °C under a

14/10 h light/dark photoperiod. The bats were fed mealworms (Tenebrio molitor,
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Linnaeus, 1758, larvae, Coleoptera) by hand each night. We measured the body
mass of the bats every day to ensure that they maintained their body condition.
Water was available ad libitum. After the experiments, all of the bats were

released in good health at the site of capture.

A. Dorsal side

B. Ventral side o

Figure 3.1: Drawing of a greater mouse-eared bat (Myotis myotis, Borkhausen 1797), showing all of
the morphometric measurements that were taken. The lengths and areas of the wing, body and tail
elements were measured from wing pictures taken from the dorsal side (A). Other measurements were
conducted directly by handling the bat (B).

Morphology

In addition to the standard morphological measurements, we took pictures
of the wings of 17 male M. myotis and 15 male M. blythii. We held each bat on a
sheet of graph paper and carefully stretched the wings until they were fully
extended. We took several digital pictures of each bat from a distance of
approximately 1 m. To reduce measurement errors, we analysed three pictures
per individual and noted the average values. In each picture, we measured either
the left or the right wing depending on which was more stretched based on an

estimate of the wing area (wing length x wing width). Using these pictures, we
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measured the hand-wing length, arm-wing length, hand-wing area
(chiropatagium) and arm-wing area (propatagium and plagiopatagium: Fig. 3.1 A)
according to Norberg and Rayner (1987). Additionally we measured the tail
membrane area (uropatagium), body width and body area. To obtain these
measurements, we used the image processing program Image J (version 1.44)
(Rasband, 1997-2012).

Using the wing and body measurements and the standard morphological
measures, we calculated the aspect ratio, relative wing loading, tip length ratio,
tip area ratio, wing-tip shape index (Norberg and Rayner 1987; Norberg 1994),
tail-to-body length ratio and tail-to-wing area ratio (Fig. 3.1 and table S 3.1). In the
next step, we compared each parameter between the two Myotis species with
non-parametric Kruskal-Wallis tests in R (version: 3.0.0, 13.04.03) (RcoreTeam,
2013), adjusting the p-values for multiple testing with a Bonferroni correction. We
employed the nonparametric Kruskal-Wallis tests because the data were not
normally distributed among the species populations. The 95 % confidence
intervals of the median values for the differing parameters were calculated using
the bootstrapping method (type: percentile) (Canty and Ripley, 2013). To reveal
the relationships between the obtained parameters, all of the morphological
measures, ratios and indices were compared to determine their degree of
correlation using a cluster dendrogram in R, in the R package pvclust (Suzuki
and Shimodaira, 2006).

Manoeuvrability

From the bats that were used to obtain wing measurements, we randomly
chose seven individuals of each species and conducted a manoeuvrability test for
each of them in a flight tunnel (8.0 m length x 1.5 m breadth x 2.4 m height).
Performance was assessed using an obstacle course consisting of three rows of
plastic tubes (grey PVC, length approx. 2.3 m). The obstacles all had a diameter
of 6 mm and were detectable using echolocation (Sumer et al., 2009). The
surface of the obstacles was roughened to enhance detection. Upon
ensonification of the obstacles using a frequency-modulated signal ranging from
120 kHz to 20 kHz, they produced a distinct echo (Fig. S 3.1). For ensonification,
we positioned a microphone (Gras microphone 1/8-inch Type 40DP, Holte,

Denmark) above a loudspeaker (Ultrasonic Dynamic Speaker ScanSpeak,
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Avisoft, Berlin, Germany) at a height of 110 cm and placed an obstacle 50 cm in
front of the loudspeaker.

The obstacles were suspended from the ceiling on hooks mounted on a
wooden plate and fixed on the ground in sand that covered the floor of the
experimental room. A wooden plate attached to a frame was placed 4 m away
from the entrance to the flight tunnel (Fig. 3.2), and the obstacles were spaced
equidistantly within and between the three rows.

The trials took place at night, and before the actual trials began, each bat
had a chance to fly through the tunnel once without obstacles to become familiar
with the flight tunnel and the procedure. Then, at the beginning of each individual
trial, a single bat was hung on a perch. After a period of 3 min, during which the
bat could start flying on its own, the perch was gently turned to prompt the bat to
fly. After the bat started flying, it was given 3 min to fly through the obstacle
course to the end of the flight tunnel. In cases where a bat stopped and perched,
it was prompted to continue flying by finger snapping, or it was removed and re-
released on the perch at the beginning of the tunnel. The first arrangement tested
for M. myotis employed spacing of 41 cm between obstacles, while that for
M. blythii employed 38 cm spacing, corresponding to their average respective
wing spans. For all other trials, arrangements with 9 different spacings (19 cm, 21
cm, 29 cm, 31 cm, 38 cm, 41 cm, 44 cm, 48 cm and 52 cm) were presented to
the individuals three times each in a pseudo-randomised order. The same
spacing was never repeated in successive ftrials. The manoeuvrability
performance of the bats tested during the different trials can therefore be
compared to a situation in the wild where the bats are flying in an unknown,
cluttered habitat. When a bat completed a flight through the obstacle course
(including the first flight without obstacles), it was prevented from flying back and
was rewarded with 3 - 5 mealworms. Each individual completed 5 - 8 trials
consecutively, with a short break of usually 5 - 10 min between each flight and
was tested in this way once or twice per night. The trials were repeated once in
the case of technical problems, e.g., if the bat was disturbed by the observer
shortly before flying through the course, or if the bat showed certain behaviours
(starting from the wall less than 1 m from the obstacle course, touching the wall,
crawling or landing without touching an obstacle while flying through the course).

The obstacles were flexible and yielded slightly when touched by a bat. Collisions
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with the obstacles produced no apparent signs of injury, though the bats were
checked regularly. Each trial was monitored directly by the observer using a
headlamp with a red light, and the trials were recorded for further analysis using
four infrared-sensitive cameras (WAT-902H2 Ultimate, Watec, Tsuruoka, Japan)
and Digi Protect (Abus, Affing, Germany) surveillance software. Infrared light was
provided through a stroboscope (875 nm wavelength, flash rate 50 Hz, i.e., one
flash per video half-frame, custom made, University of Tuebingen).

infrared camera

length 8 m {
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Figure 3.2: Flight tunnel - view from above. Sketch of the experimental set up (not exactly to scale),
showing the flight tunnel and the wooden plate in the middle, where the obstacles were positioned. The bats
flew from the Start position, through the obstacle course, to the End, where they received a reward.

We assumed that the bats would attempt to avoid touching the obstacles
and eventually make an unintended landing on the ground. Under natural
circumstances, even slight contact with vegetation might be risky because some
branches have spines or thorns that could lead to wing injuries (Davis, 1968).
Likewise, unnecessary and uncontrolled landings could increase the risk of
injuries and predation (Lima and O'Keefe, 2013). Therefore, using the video
recordings for every trial, we counted each time when one of the obstacles was
touched and each unintended landing (landing on the ground after touching one

or more obstacles) within or shortly behind the obstacle course.

Differences in manoeuvrability between the species

We employed generalized linear mixed effects models (GLMMs) in R

(Bates et al., 2013; RcoreTeam, 2013) using the glmer function to check for
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differences in manoeuvrability between the species. We first tested the
differences between species, based on their performance in obstacle avoidance,
by comparing the total number of touched obstacles and the number of
unintended landings on the ground in a basic GLMM. The basic GLMM included
the function of spacing between the obstacles and species identity modelled with
a Poisson error distribution, accounting for individual differences and pseudo-
replication by using individual identity as a random factor. Furthermore, we tested

whether repeated measures for a given spacing had any effect.

Incorporating morphometric variables into the basic GLMM

We examined the assumed species differences more closely for the
purpose of determining which morphometric variables best explain the observed
species-specific differences. Therefore, the morphological measures and ratios
(Table 3.2 and 3.3) obtained for the 14 individuals tested in the obstacle course
were added to the same basic GLMM, except that we did not include the species
identity in this case. Each time, only one variable was added to the basic model
(20 variables = 20 models). All of the measured and calculated morphological
variables were included in the modelling process. None of the correlating
variables was removed because the fact that two variables are correlated does
not guarantee that they both have the same functional importance for the tested
manoeuvrability performance. For the added morphometric variables in the
differing models, the p-values were corrected for multiple testing with a
Bonferroni correction factor. The morphological variables and their p-values were
directly compared and discussed regarding their influence, or lack of thereof, in

relation to the manoeuvrability performance.

Forward selection modelling procedure with morphological variables

Subsequently, we tested whether there were minimum adequate models
consisting of several important morphological variables that best explained the
differences in the manoeuvrability of the tested bats as a function of
morphological differences. To obtain the best minimum adequate models, we
used the forward selection procedure based on a minimising Bayesian
information criterion (BIC). In the first step, we compared the BIC values of the 20

models (each included one morphological variable) with each other and searched
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for the models with the lowest BIC values. We tested these BIC models further by
adding one of the 19 other variables each time. Whenever one of the new models
showed a BIC value that was at least two units lower compared with the simpler
model, it was considered to be a better model. The modelling process was
continued by adding further variables until no better models could be found
(Table S 3.2 and S 3.3)

Comparison of individuals with injured wings

During the bat capture events, two individuals with old wing membrane
injuries were captured. Because the two bats (one female M. myotis and one
male M. blythii) belonged to our target species and there have been only a few
studies on naturally occurring injured bats, we decided to obtain wing pictures for
these bats and to test their manoeuvrability performance under the same
conditions applied to the other individuals in our obstacle course. We compared
the obstacle avoidance behaviour of the injured individuals with the performance
of the unharmed conspecifics. Because of the small sample size, we did not carry

out statistical testing.

RESULTS

Morphology

Eight of the twelve length and area measurements for the body and wings
of the bats and the body mass were significantly greater in the M. myotis
individuals compared with M. blythii (Table 3.1 and 3.2). The tail length (Kruskal-
Wallis test, x* (Chi-Square) = 6.49, df = 1, p = 0.141), tail membrane area
(Kruskal-Wallis test, x> = 0.032, df = 1, p = 1.0), body area (Kruskal-Wallis test,
X2 =4.24, df = 1, p = 0.515) and hand-wing length (Kruskal-Wallis test, x> = 8.02,
df = 1, p = 0.060) did not differ significantly between the two species (Table 3.2).
In the case of hand-wing length, the difference between the two species tended
toward significance, with lower values being found for M. blythii, which is
consistent with the other length and area measurements. Regarding the body
area, most M. myotis individuals (N = 12) exhibited higher values than M. blythii
(N = 9), but the results were not significant (Table 3.2). The 95 % confidence

interval of the tail length of M. myotis ranged from 5.1 to 5.4 cm (median: 5.2) and
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that of M. blythii from 5.2 to 5.8 cm (median: 5.6). Thus, the tail lengths strongly
overlapped, but the median length was greater for the generally smaller species,

M. blythii. A similar result was found for the tail membrane area (Table 3.2).

Table 3.2: Median values of mass, length and area measurements with 95 % confidence intervals
calculated with bootstrapping method in the greater and lesser mouse-eared bat (Myotis myotis,
Borkhausen 1797 and M. blythii, Tomes 1857).

M. myotis (N = 17) M. blythii (N = 15) p

Mass [g] 26.19 (25.9 - 27.2) 22.61(21.8 - 23.9) <0.001
Wing span, Lys [cm] 41.3 (40.9 - 42.0) 38.0 (37.5-38.7) < 0.001
Wing area, S [cm?] 255.1 (248.3 - 262.0) 226.8 (215.4 - 233.8) <0.001
Hand-wing length, Lny [cm] 9.4 (9.1-9.5) 8.9(8.6-9.1) 0.060
Hand-wing area, Shw [cm?] 38.7 (37.9-40.4) 33.8 (32.1-35.4) 0.008
Arm-wing length, Law [cm] 7.7(7.4-7.8) 6.8 (6.6-7.1) < 0.001
Arm-wing area, Saw [cm?] 62.3 (59.1 - 64.1) 53.8 (49.7 - 55.1) < 0.001
Forearm length, L, [cm] 6.3 (6.2-6.3) 5.7 (5.6 -5.8) < 0.001

Tail length, Lt [cm] 5.2 (5.1-5.4) 5.6 (5.2-5.8) 0.141 (ns)
Tail area, St [cm?] 20.0 (17.6 - 20.8) 19.8 (17.4 - 22.5) 1.0 (ns)
Body length, Ly [cm] 74(7.2-7.6) 6.5(6.3-6.7) < 0.001
Body width, Lo [cm] 6.6 (6.48 - 6.69) 6.0 (5.6-6.2) < 0.001
Body area, Sp [cm?] 33.7 (31.9-36.3) 30.8 (30.4 - 32.2) 0.515 (ns)

N refers to the number of individuals and ns refers to not significant. The values of the two species were
compared with a Kruskal-Wallis test (df = 1) and the resulting p-values were corrected for multiple
comparisons with a Bonferroni correction factor. Significance is indicated by the corrected p-values.

Among the size-independent ratios and indices, we found no significant
differences regarding the aspect ratio, relative wing loading or tip area ratio
(Table 3.1 and 3.3). However, the tip length ratio (Kruskal-Wallis test, x> = 12.73,
df = 1, p = 0.003) and the wing-tip shape index (Kruskal-Wallis test, x> = 7.29,
df = 1, p = 0.049) were significantly different.

Table 3.3: Medians of ratios and indices with 95 % confidence intervals in the greater and lesser
mouse-eared bat (Myotis myotis, Borkhausen 1797 and M. blythii, Tomes 1857).

M. myotis (N = 17) M. blythii (N = 15) p

Aspect ratio 6.61 (6.50 - 6.86) 6.53 (86.30 - 6.68) 0.510 (ns)
Relative wing loading [N/m?] 34.21 (32.37 - 35.30) 34.92 (33.0 - 37.35) 1.0 (ns)
Tip length ratio 1.23 (1.19 - 1.25) 1.31 (1.27 - 1.34) 0.003

Tip area ratio 0.64 (0.61 - 0.66) 0.63 (0.62 - 0.66) 1.0 (ns)
Wing-tip shape index 1.11(1.00 - 1.15) 0.93 (0.87 - 1.03) 0.049
Tail-to-body length ratio 0.69 (0.68 - 0.74) 0.84 (0.83 - 0.89) < 0.001
Tail-to-wing area ratio 0.086 (0.078 - 0.090) 0.095 (0.084 - 0.109) 0.253 (ns)

N refers to the number of individuals. The values of the two species were compared with a Kruskal-Wallis
(df = 1) test and the resulting p-values were corrected for multiple comparisons with a Bonferroni correction
factor. Significance is indicated by the corrected p-values.
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Because we found no significant differences for tail length and tail
membrane area, and none of the size-independent ratios or indices that we
calculated were explicitly related to the tail, we decided to define two new ratios:
the tail-to-body length ratio and the tail-to-wing area ratio. The tail-to-body length
ratio (TB)) is the ratio of the length of the tail (L) to the length of the body (Ly); TB;
= L/ Ly), and the tail-to-wing area ratio (TSs) is the ratio of the area of the tail
membrane (S;) to the wing area, but without the tail area (TSs = St/ (2 Shw + 2
Saw + Sp). Accordingly, a higher value for the tail-to-body length or tail-to-wing
area ratio indicates a longer tail or larger tail area in relation to the body or wing.
We found a significantly higher tail-to-body length ratio for M. blythii than for M.
myotis (Kruskal-Wallis test, x* = 20.67, df = 1, p < 0.001). For the tail-to-wing area
ratio, we did not find a significant difference (Kruskal-Wallis test, x> = 4.39, df = 1,
p = 0.253).

The cluster dendrogram (Fig. 3.3) presented four clusters, each of which
exhibited highly correlated variables. In the case of clusters 6 and 9, the length or
area measurements were one of the main elements of the corresponding and
highly correlated ratio (tail-to-body length ratio or tail-to-wing area ratio). In cluster
13, both relative variables included the wing area within their formula.

Cluster 14 consisted of the variable mass and all of the length and area
measurements, except for the tail length and tail area. Within cluster 14, a clear
separation between the morphometric measurements for the same wing, body or
tail region was observable in some cases (e.g., body area and body length or
body width). Cluster 14 included all of the length and area measurements that
were significantly different between M. myotis and M. blythii, with the exception of
the hand-wing length and body area, (Table 3.2). The measurements of cluster
14 all showed greater values for M. myotis, and they therefore represent the

overall size differences of the two species most clearly.

Manoeuvrability

All seven M. myotis and M. blythii successfully completed 26 valid trials on
average (max. 27 trials, min. 22 trials). We recorded 181 valid trials for M. myotis
and 182 for M. blythii in total. The narrowest obstacle spacing that a M. blythii

individual was able to negotiate without touching any obstacle was 29 cm
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(average min. negotiated spacing: 43.1 cm, N = 7) (Video S 1'). For M. myotis,
the narrowest spacing that could be negotiated without any touches or
unintended landings was 38 cm (average min. negotiated spacing: 44.7 cm,
N =6). One M. myotis did not manage to fly through the course without any

touches, even at the broadest spacing of 52 cm.
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Figure 3.3: Hierarchical clustering of the 20 morphometric measurements, ratios and indices. The
values presented at branches are approximate unbiased p-values (AU, left), bootstrap probability values
(BP, right) and cluster labels (bottom). Clusters showing an AU = 95 are indicated by rectangles. The first left
rectangle corresponds to a cluster labelled 13, with an AU = 99 and BP = 94.

Differences in manoeuvrability between the species

The narrower the selected spacing, the greater the difference in the
performance of the two species (Fig. 3.4). Therefore, we included the spacing as
a variable in all of our GLMMs. Significantly lower numbers of unintended
landings (effect between obstacle spacing and unintended landings, parameter
estimate (Est.) + standard error (SE) = -0.08 £ 0.00, z = -10.19, p < 0.001; effect
between species and unintended landings Est. + SE =-0.87 £+ 0.27,z=-3.19,p =

! Supplementary video S 1 is available on the journal website
(http://www.nrcresearchpress.com/doi/abs/10.1139/cjz-2014-0104#.VHSVNSmME-cY).
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0.001) and obstacle touches (spacing Est. + SE = -0.05 + 0-00, z = -13.40, p <
0.001; species Est. + SE = -0.17 £ 0.08, z = -2.21, p = 0.027) were recorded for
M. blythii compared with M. myotis. We found no effect regarding repeated
measures for a given spacing, either for the obstacle touches (Est. + SE =-0.04 +
0.04, z = 0.96, p = 0.340) or for the unintended landings (Est. + SE = 0.02 £ 0.07,
z=0.23, p =0.816).
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Figure 3.4: Performance in the obstacle course. The boxplot in 4 A shows the number of unintended
landings per tested spacing and species (Myotis myotis, Borkhausen 1797, is indicated with light grey and
M. blythii, Tomes 1857, with dark grey). The lower boxplot, in 4 B, shows the number of touches per tested
spacing and species. The horizontal black bars are the medians; the grey boxes represent the interquartile
ranges; the whiskers below and above represent the minimum and maximum values; and the circles
represent outliers. The medians sometimes reach the end of the boxes because the dataset consists only of
integer numbers.

Incorporating morphometric variables into the basic GLMM

When we tested all of the obtained morphological variables to determine
their influence on the number of unintended landings each time in the same basic

model, only two morphological variables exhibited significant corrected p-values:
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the tail-to-body length ratio, with a corrected p-value of p <0.001, and body
length, with p = 0.013 (Table 3.4). The model with the second lowest BIC
included only the tail length and showed a lower BIC value compared with the
model including body length, but in this case, the p-value for the tail length alone
was not significant. The variable body length showed the only significant
corrected p-value related to the overall size differences between the two tested
species, although it was found to be correlated with other overall size-related
variables, such as body width, wing span and wing area (cluster 14, Fig. 3.3).
For the response variable touches, none of the models exhibited significant
variables (Table S 3.3).

Table 3.4: Basic generalized linear mixed effects models (GLMM) with response variable unintended
landings and one added morphological variable (including body mass) for the greater and lesser
mouse-eared bat (Myotis myotis, Borkhausen 1797 and M. blythii, Tomes 1857).

Model BIC Variable 2 Estimate SE z p

L1 234.9 Tail-to-body length ratio -6.71 1.54 -4.36 < 0.001
L2 244.4 Tail length -82.56 65.16 -1.27 1.0 (ns)
L3 258.4 Body length 0.43 0.13 3.41 0.013
L4 262.7 Forearm length 0.34 0.16 219 0.574 (ns)
L5 263.6 Wing-tip shape index 0.32 0.17 1.89 1.0 (ns)
L6 263.6 Arm-wing length 0.31 0.16 1.93 1.0 (ns)
L7 263.7 Body width 0.31 0.16 1.94 1.0 (ns)
L8 263.9 Wing span 0.31 0.17 1.83 1.0 (ns)
L9 264.3 Hand-wing length 0.29 0.17 1.68 1.0 (ns)
L10+ 265- 267 All other morphological variables 1.0 (ns)

BIC ist the Bayesian information criterion. Variable 1 is the spacing that was always included in the models
(spacing + SE = -0.08 0.00, z = -10.19, p<0.001). The p-values of the morphological variables were
corrected for multiple testing with a Bonferroni correction factor.

Forward selection modelling procedure with morphological variables

The forward selection procedure resulted in three models (with the lowest
BIC values) that best accounted for the number of unintended landings (Table 3.5
and S 3.2). In addition to the spacing between obstacles and the random variable
individuals, the models included the following variables: tail-to-body length ratio,
body length, tail length, tip area ratio, relative wing loading and aspect ratio
(Table 3.4). When the variables included in the three best models were compared
with the cluster dendrogram, we did not find any highly correlated variables within
each of the models. Only the second and third best models differed in presenting

highly correlated variables relative to wing loading and the aspect ratio. The best
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model included only one additional variable, the tail-to-body length ratio. All
variables exhibited significant p-values ranging from 0.005 to < 0.001 (Table 3.5).
For the response variable touches, there was no best model with significant
variables (Table S 3.3).

Table 3.5: Forward selection results show three best models with response
variable unintended landings in the greater and lesser mouse-eared bat
(Myotis myotis, Borkhausen 1797 and M. blythii, Tomes 1857).

BIC Variable Estimate SE z p

Best model 1

234.9 tail-to-body length ratio -6.71 1.54 -4.36 < 0.001

Best model 2

236.0 tail length -93.4 28.03 -3.33 < 0.001
body length 0.69 0.12 5.72 <0.001
tip area ratio 0.39 0.10 3.81 < 0.001
relative wing loading 0.41 0.13 3.04 0.002

Best model 3

237.7 tail length -99.47 29.71 -3.35 <0.001
body length 0.51 0.09 5.85 <0.001
tip area ratio 0.30 0.09 3.30 < 0.001
aspect ratio 0.25 0.09 2.81 0.005

The variable spacing (spacing + SE = -0.08 +0.00, z = -10.19, p<0.001) was
additionally included in the 3 best models. The p-value of model 1 was corrected
for multiple testing with Bonferroni correction factor.

Comparison of individuals with injured wings

The injuries of both injured individuals were clearly visible (Fig. 3.5). The
injured M. myotis individual showed a longer wing span, of 43.7 cm, compared
with the other tested M. myotis individuals, with intact wing membranes.
However, the mass of the injured M. myotis on the first night after capture was
25.0 g, which was slightly lower than the mass of most of the unharmed
M. myotis (Table 3.2). All of the wing measurements for the left side of the injured
M. myotis exhibited lower values compared with the right side. In the case of the
arm-wing area, nearly 40 % of the area was missing on the left side compared
with the right wing (Table S 3.2).

The wing span of the injured M. blythii was 37.2 cm, slightly lower than in most of
the other tested individuals from the same species. The injured M. blythii was
also lighter, showing a mass of 20.0 g, compared with all of the unharmed tested

M. blythii (Table 3.2). Due to holes in the wing membrane of the injured M. blythii,
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7.6 % of its left and 1.4 % of its right hand-wing area was missing (Fig. 3.5, table
S 3.4). In both injured individuals, the aspect ratio (M. myotis: 8.38 and M. blythii:
7.32) and the relative wing loading (M. myotis: 36.80 N/m? and M. blythii: 38.21

N/m?) were greater than in the individuals with intact wing membranes.

A Myotis myotis

B myotis biythii

Figure 3.5: Wing pictures for one injured greater mouse-eared bat and one injured lesser mouse-eared bat
(Myotis myotis, Borkhausen 1797, and M. blythii, Tomes 1857, respectively).

Both injured bats were successfully tested in the obstacle course. The
injured M. myotis completed 23 valid trials (see for example video S 1), and the
narrowest spacing that it could negotiate without touching any obstacle was
48 cm. The injured M. blythii completed 27 trials, and the narrowest spacing that

it could negotiate without touching any obstacle was 31 cm.
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DISCUSSION

Morphology

The differences observed between the two sibling species for most of the
wing and body measurements (smaller values for M. blythii compared with
M. myotis) were consistent with our assumption that the overall difference in size
is the main factor that accounts for their differing manoeuvrability. However, not
all of the morphometric measurements were significantly smaller for M. blythii. In
these cases, the species showed deviation from simple overall size differences
due to differences in shape (Table 3.1). We found significant differences in wing
shape with regard to the tip length ratio and, more importantly, in the wing-tip
shape index, independent of size. The wing-tip shape index was lower for
M. blythii compared with M. myotis. A lower wing-tip shape index indicates a
more pointed wing-tip and is known to enhance roll agility, which can increase
manoeuvrability (through improved agility) (Norberg and Rayner, 1987). The
more pointed wing-tips of M. blythii would therefore be favourable for performing
quick movements around bushes and other vegetation. Conversely, the more
rounded wing-tip of M. myotis can be an advantage when hovering (Norberg and
Rayner, 1987), for example, when flying over the ground searching for prey
(Russo et al., 2007, Dietz et al., 2009).

Unfortunately, there is no available index to test for differences in tail-tip
shape, such as those observed for the wing. The longer tail of M. blythii relative
to its size and the not significantly different tail-to-wing area ratio might indicate a
more pointed tail compared with that recorded for M. myotis. Another possible
explanation could be that the tail area measurements were not sufficiently
accurate to reveal significant differences between the tail area ratios. While
obtaining the wing pictures, we had difficulty in fully extending the tail membrane.
We therefore suppose that, at least in some cases, the tail membrane area was
underestimated. The longer tail of M. blythii and the possibly larger tail membrane
in relation to its size might represent adaptations to its hunting strategy. In
contrast to M. myotis, M. blythii appears to be better adapted to catching prey
from vegetation such as grass stalks during flight (Arlettaz, 1996, 1999; Rainho et
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al., 2010), in which case a larger tail membrane could be advantageous. A longer
tail and a larger tail membrane are thought to increase manoeuvrability and agility
and can improve the likelihood of capturing insects at slower flight speeds
(Norberg, 1994; Dudley, 2002; Gardiner et al., 2011a; Gardiner et al., 2011b;
Adams et al., 2012).

Body area measurements showed no significant differences between the
studied species, whereas the body length and body width were clearly
significantly different. Overall, the body shape of M. blythii was more compact
(body width was not reduced as much in a caudal direction) than that of M.
myotis, as can be seen, for example, in the direct comparison of the body shapes
of the two injured bats (Fig. 3.5).

The differing shapes of the wing-tip, body and especially the tail of M.
myotis and M. blythii might be a consequence of character displacement (a
process caused by competitive interactions among organisms that leads to
divergent trait evolution) (Pfennig and Pfennig, 2010). Further measurements
conducted in individuals from the two species from allopatric populations might

help in validating this assumption.

Differences in manoeuvrability between species

The obstacle course experiment confirmed our hypothesis that M. blythii
demonstrates greater manoeuvrability compared with its sister species M. myaotis.
The species differences were more significant for unintended landings than for
touching the obstacles, but both results were well in line with each other. The
weaker significance observed for the touches might have occurred because
touching an obstacle is less harmful (and happens in nature as well), while
landing on the ground can be dangerous and is energetically much more
demanding (Davis, 1968; Voigt and Lewanzik, 2012; Lima and O'Keefe, 2013).
Another possible explanation is that due to their different foraging behaviours,
M. myotis lands on the ground more often than M. blythii. However, in this case,
we would have expected to record many more invalid trials among the M. myotis
individuals, including landing in front of the obstacles without obstacle touches or
crawling through the course. Instead, we were only obliged to exclude a few
trials, by one individual of M. myotis (2 trials) and two individuals of M. blythii (a

total of 5 trials) due to repeated crawling or landing on purpose (without any
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touches). Furthermore, it is important to mention that we did not record how
forcefully the bats touched the obstacles. A light touch with the wing-tip was
counted in the same way as a strong touch with the inner wing area (arm-wing
area) or even with the body. Strong touches could change the flight path more
dramatically than a light touch. In most cases of unintended landings, one or
several strong obstacle touches occurred just beforehand and forced the bat to
land on the ground. Therefore, we consider the results obtained for unintended
landings to be more powerful proof of manoeuvrability than the results for

touches.

Incorporating morphometric variables into the basic GLMM

Of the two variables included in the models showing significant corrected
p-values, body length seemed to play a major role because it was included in the
tail-to-body length ratio measurement as well. At first glimpse, it might appear
that the tail length only reached significance because it was related to the body
length. On the other hand, one should take into account the fact that body length
is well in line with the species-specific overall size differences, whereas this is not
the case for tail length. Therefore, in the model, tail length must be considered in
relation to overall size to show a significant difference in performance. We could
still have obtained a significant p-value for the relative tail length if we had
generated the ratio with a different variable representing overall size differences,
such as wing span or forearm length. However, the obtained results also showed
that the morphometric variables that contribute to overall size differences (cluster
14, Fig. 3.3) do not have the same importance for the manoeuvrability
performance with regard to unintended landings. Contrary to our assumption, no
significant p-value was found for the wing span. This result confirms findings
reported by Gardiner et al. (2011a). We therefore concluded that in our
experiments, wing span did not significantly affect the differences in the

manoeuvrability performance of M. myotis and M. blythii.

Forward selection modelling procedure with morphological variables

The most important morphometric variables affecting unintended landings
were body length, tail length and especially the newly defined tail-to-body length

ratio (best model), which proved to be a highly significant morphological ratio
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differentiating the two species. Body length was the only variable that belonged to
cluster 14 in our hierarchical clustering dendrogram describing the overall size
differences between the two tested species. Interestingly, body length, tail length
and the tail-to-body length ratio refer to the sagittal plane of the bat, and not, as
initially assumed for the wing span, to the transverse plane. Differences in the
sagittal plane might have a greater influence because they are closer to the
centre of mass (Iriarte-Diaz and Swartz, 2008). We therefore concluded that the
closer the impact was to the centre of mass of an obstacle, the higher the risk of
an unintended landing. Furthermore, if we assume that the body length can only
be slightly adjusted during flight, in contrast to the position of the wing, we
suggest that during tight, quick turns close to obstacles, a greater body length
would be unfavourable due to causing a reduced yaw ability and therefore a
higher risk of obstacle touches or unintended landings on the ground (Swartz et
al., 2012). Additionally, the longer tail of M. blythii appears to enhance the speed
of body rotation and, thus, increases torsional agility, thus resulting in a lower risk
of obstacle touches or unintended landings on the ground (Dudley, 2002).
Additional variables in the best models with the response variable
unintended landings were located in the frontal plane. The tip area ratio was
included in the best models. Interestingly, neither the tip length area nor wing-tip
shape index appeared in the best models, although in our morphometric
measurements, we found that these variables were significantly different between
the two species. It appears that the tip area ratio measurement is more important
for manoeuvrability in this case, independent of the shape of the wing tip. The tip
area ratios for M. myotis and M. blythii (0.64 and 0.63, respectively) showed an
intermediate value compared with other bat species, which is considered to be
conducive to good manoeuvrability (Norberg and Rayner, 1987). Most of the wing
mass is located in the arm-wing area, which is a component of the tip area ratio
and plays an important role in slow flight as well as in maintaining stability during
flight (Norberg and Rayner, 1987). Because the arm-wing area is closer to the
body than the hand-wing area, the obstacle touches within the former area were
stronger in most cases and were more likely to lead to landings on the ground
than obstacle touches within the hand-wing area region (pers. observation). The
relative wing loading and aspect ratio, which were also included in the three best

models, were found to be highly correlated in our dendrogram. Therefore, these



40 Discussion 3. Manoeuvrability in mouse-eared bats

two models were interchangeable. The low relative wing loading and aspect ratio
observed in both of the tested species enables slow flight, which should give a
bat more time to manoeuvre around obstacles without touching them, or to adjust
its flight path after a touch (Norberg and Rayner, 1987; Norberg, 1994).

The reason that we did not obtain significant variables for the response
variable touches was most likely because this response variable did not
differentiate sufficiently between the two species to allow investigation of the
effect of the morphological variables. It might also be that factors other than the
measured morphological variables, such as differences in behavioural flexibility
(Clarin et al., 2013) or the flight speed while negotiating the obstacle course,
played a role. On the other hand, it could be that the tested bats took light
touches on the flexible obstacles into account after recognising that they were

harmless.

Comparison of individuals with injured wings

The wing injuries of both injured individuals led to reduced wing membrane
areas. In the injured M. myotis individual, the injury was particularly severe, as a
large area of the left arm-wing membrane was missing. During flight, the
asymmetrical wing areas may have generated differing lift and thrust forces on
the two wings, which would likely have made it difficult for the bat to achieve
straight or manoeuvred flight (Muijres et al., 2008; Song et al., 2008; Voigt, 2013).
The injuries observed on the injured M. blythii individual were of a different kind,
as less of its wing area was missing, and the injuries were spread over both
hand-wing areas. Therefore, we would assume that achieving straight or
manoeuvred flight should not have caused difficulties as severe as those for the
injured M. myotis.

Consistent with Voigt (2013), who also studied the manoeuvres of naturally
injured bats, our injured bats exhibited a low or lower initial mass as well as
higher aspect ratios and relative wing loadings than most of the intact individuals
of the same species. However, in our experiments, both injured bats performed
well in the obstacle course, and we did not find differences in manoeuvrability
compared with the tested healthy conspecifics. The injured bats successfully

completed as many trials as the bats with intact wing membranes. This finding
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stands in contrast to the observations of Voigt (2013), who assumed that bats

with wing injuries would avoid flight manoeuvres.

Conclusions

Ultimately, variations in overall size cannot account for the differences in
the manoeuvrability of the two closely related species examined in this work. The
morphological variables that contribute to variations in overall size were found to
be of differing importance in relation to the manoeuvrability performance of the
two tested species. The only variable that was related to overall size in the best
models with significant variables was body length. These species show
differences in several wing and body regions with respect to the overall trend in
size (e.g., the smaller size of M. blythii), mainly regarding wing-tip shape and tail
length. M. blythii performed better in the obstacle course and is therefore
considered to be more manoeuvrable. Although differences in wing-tip shape
exist, the most important morphological variables resulting in differing
manoeuvrability in the two species were observed to be the tail-to-body length
ratio and tail length, both of which are located in the sagittal plane. The tail of
M. blythii, which is enlarged relative to its size, is therefore not only linked to its
prey capture behaviour but also has an important influence on manoeuvrability.
The results obtained from the two tested injured bats support the conclusion that
tail morphology is more important than wing morphology in determining a bat’s
manoeuvrability, as the tails of these bats were undamaged. We conclude that
the morphometric differences in the overall size of the two tested species, and,
more importantly, in their tail dimensions, constitute their main adaptations to

different foraging and feeding strategies.
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SUPPLEMENTARY MATERIAL

A. Signal without obstacle B. Signal with echo from obstacle
125.0 kHz

93.5 kHz

62.5 kHz

31.0 kHz

) kHz-==

10 ms

Figure S 3.1: Ensonification of an obstacle. Spectrogram with time signal below and averaged power
spectrum to the right shows a recording of the played back signal without obstacle (A) and with obstacle (B).
In B a distinct echo from the obstacle can be seen.

Table S 3.1. Definitions of ratios and indices used for comparison of relative size and shape
differences in the studied greater (Myotis myotis) and lesser (Myotis blythii) mouse-eared bats.

Name Symbol Equation Reference
Aspect ratio AR AR =1L,2/S Norberg 1994
Relative wing loading RWL RWL = mass*g / S*mass'? Norberg 1994
Tip length ratio T, T = Lo/ Law Norberg & Rayner 1987
Tip area ratio Ts Ts = Shw/ Saw Norberg & Rayner 1987
Wing-tip shape index I I=Ts/(T,—Ts) Norberg & Rayner 1987
Tail-to-body length ratio TB, TB, =L/ Ly own definition
Tail-to-wing area ratio TSs TSs =St/ (2 Shw + 2 Saw +Sp) own definition

Equations for the different ratios and indices are shown with reference to the respective authors. For
relative wing loading, the mass was measured before the experiment started and g stands for the surface
gravity (9.80665 m/s®).
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ABSTRACT

Niche differentiation limits similarity among coexisting species. Evidence of
resource partitioning between insectivorous bat species is typically inferred from
differences in ecomorphological traits that influence detection and capture of
insect prey, notably wing morphology and echolocation signal design. However,
in some closely related species morphological differences can be small and their
influence on ecological performance uncertain.

In Southeastern Europe, all five European horseshoe bat species
(Rhinolophus spp.) occur sympatrically. They are presumed to compete for prey
during periods of low insect abundance and are known to forage within or close
to vegetation within woodlands. In this habitat, manoeuvrable flight is essential to
avoid collisions with vegetation during prey pursuit.

We hypothesized that resource partitioning in these species is effected by
differences in their morphology producing variation in the ability to manoeuvre
within dense vegetation. We tested the ability of several individuals of each
species to pass through obstacle courses simulating vegetation of different
densities. The resulting manoeuvrability performances were then related to
individual variation in wing, body and tail phenotype.

The five species differed mainly in their overall size measurements (all
length and area measures that are proportional to each other), although there
was overlap among the intermediate-sized species for some measurements
(arm-wing area, tail length, tail area, body length and body area). When relating
the manoeuvrability performance to morphometric measurements we found that
differences in mass and body length played a major role in interspecific
differences in manoeuvrability. Generally, smaller species performed better than
the larger species in the obstacle experiment, with the exception of
Rhinolophus blasii, which had a longer body length (relative to its size). Although
R. blasii is generally the second smallest bat, it performed only as well or even
poorer as the second largest bat Rhinolophus mehelyi. Measures that were
directly related to the wing were found to have a less prominent role for the

manoeuvrability performance of the horseshoe bats.
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Although all five species are well-adapted to forage in dense vegetation and
differences in manoeuvrability among them were small, differences in overall
size, rather than wing morphology per se, appear to provide potential for
ecological separation. However, mainly in the intermediate sized horseshoe bat
species some morphometric variables deviated from the overall size trend
(especially body length) and played a prominent role in flight performance,
suggesting size-independent influences of shape on niche differentiation for

species that are very similar in (overall) size.

INTRODUCTION

Niche partitioning has long been known as an important mechanism
facilitating species coexistence (Schoener 1974; Chesson 2000; Leibold &
McPeek 2006; Levine & HilleRisLambers 2009). In sympatric bat species,
adaptations to different foraging niches are indicated by clear differences in
echolocation (Neuweiler 1984; Schnitzler & Kalko 2001; Siemers & Schnitzler
2004), and size or shape of wings (Aldridge & Rautenbach 1987; Norberg &
Rayner 1987; Norberg 1994; Stockwell 2001). However, in some closely related
and ecologically similar species, morphological differences indicative of niche
partitioning can be small (Saunders & Barclay 1992; Jacobs et al., 2007; Jacobs
& Barclay 2009; Krueger et al. 2014; Schmieder, Zseb6k & Siemers 2014) and
their influence on ecological performance uncertain. Investigating how these
similar species differ provides insights into the mechanisms that promote
coexistence and specialization in foraging niches.

Vegetatively complex habitats, such as forests and forest edges, provide
abundant insect resources (Price et al. 2011), but bats must be capable of slow,
manoeuvrable flight to pursue prey while also avoiding collisions with the
vegetation (Norberg 1994). Manoeuvrability can be defined as the ability to fly
through limited space while avoiding vegetation or other obstacles and, in
general, correlates negatively with wing loading (body mass x gravity / area of the
wing) (Norberg & Rayner 1987). Bats with low wing loading typically have low
body mass (Aldridge & Rautenbach 1987; Stockwell 2001; Sleep & Brigham
2003), and relatively large wing area, so manoeuvrable bats tend to have broad

wings and low mass for a given size (Norberg 1994). Wingspans are short and
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wing tips rounded, and broad wings and a large tail membrane improve the ability
to make rapid changes of direction, further enhancing manoeuvrability (Norberg
1994; Dudley 2002; Gardiner et al., 2011; Gardiner et al. 2011; Adams et al.,
2012).

In Europe, five species of horseshoe bats (Rhinolophus spp.) frequently
hunt within or close to vegetation. In Southeastern Europe (Bosnia-Herzegovina,
Bulgaria, Greece, Macedonia, Montenegro, Serbia and Turkey) all five species
occur sympatrically, yet the mechanisms promoting coexistence of such similar
species are unknown. Although these species differ to some extent in diet and
hunting strategies (Russo et al. 2005; Dietz, von Helversen & Nill 2009;
Salsamendi et al. 2012), they can overlap in diet (Goiti et al., 2004), foraging
behaviour (Jones & Rayner 1989; Ahmim & Moali 2013), foraging habitat
(Bontadina et al., 2002; Russo et al., 2002; Aihartza et al. 2003; Reiter 2004;
Goiti et al. 2008; Salsamendi et al. 2008) and echolocation (Russo et al. 2007;
Schuchmann & Siemers 2010). Although shifts in hunting behaviour and diet
have also been documented (Siemers & Ivanova 2004; Dietz et al., 2009;
Flanders & Jones 2009; Dietz et al., 2013), competition for resources has been
established for two of the five European horseshoe bat species
(Rhinolophus euryale Blasius, 1853 and R. mehelyi Matschie, 1901) (Russo et al.
2014).

Other mechanisms that might promote resource partitioning of the
European horseshoe bats are morphological differences among the species
(Andreas et al. 2013). The five horseshoe bat species differ in overall size.
Overall size is here defined as the geometrical similarity of the shape and weight
including all measures within the shape (i.e., all measures that are proportional to
each other; see wing picture in Fig. 4.1) of the different tested species. In this
context one species shape can be obtained from the other species shape by
uniformly scaling (enlarging or reducing), Shape differences can be recognized in
case measures deviate from the overall size trend.

The smallest species R. hipposideros (Bechstein, 1800) (body mass 4-79)
and the largest species R. ferrumequinum (Schreber, 1774) (18-24g) can be
easily differentiated by their size (Dietz et al., 2009). For the three intermediate
species less distinct differences in size exist, however R. mehelyi is generally
larger than R. euryale, and R. euryale is in most cases larger than R. blasii
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(Peters, 1866) (Dietz et al., 2006; Salsamendi et al. 2012). The five species also
differ slightly in wing and tail morphology (Dietz et al., 2006; Salsamendi et al.
2006).

Despite these suggestions and speculations that the morphological
differences among the horseshoe bat species may facilitate niche differentiation,
a clear link between morphology and flight performance has yet to be
established. Here we compare external morphology with species’ performance in
an obstacle course designed to test manoeuvrability. Because manoeuvrability is
generally related to wing loading and wing shape (Norberg & Rayner 1987), we
predicted that differences in wing parameters (i.e., wing span, wing area) and
body mass would play the main role in differences in manoeuvrability and that
performance would reflect the overall size order of the bats. Therefore the
smallest horseshoe bat, R. hipposideros should be the most manoeuvrable, since
it has the shortest wing span and the lowest body mass which results in the
lowest wing loading. As the three intermediate-sized species, R. mehelyi, R.
euryale and R. blasii are very similar in mass and wing span we anticipated that

any differences in performance would be attributable to wing shape divergence.

MATERIAL AND METHODS

Animals

We captured adult males of R. hipposideros (two individuals), R. blasii
(seven), R. euryale (six), R. mehelyi (six) and R. ferrumequinum (six) with a harp
trap (Faunatech, Victoria, Australia) or mist nets (Ecotone, Sopot, Poland) set at
night at the entrance of caves in Bulgaria (districts: Ruse, Gabrovo, Lovech and
Kardzhali) from May until September 2011. Capture, husbandry and behavioural
studies were carried out under licenses from the responsible Bulgarian authorities
(MOEWSofia and RIOSV-Ruse permit numbers 297/09.03.2011 and
205/29.05.2009). All bats were sexed, weighed (electronic scale, Kern, EMB 500-
1, d = 0.1 g) and standard measures (wing span, body length, length of digit 5
and tail length) were taken with a dial caliper (Measy 2000 caliper, Switzerland,
precision 0.1 mm) following Dietz and von Helversen (2004). We identified the

five species according to Dietz et al. (2009). The bats were kept for up to 16 days
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at the nearby Tabachka Bat Research Station (Bulgaria) of the Sensory Ecology
Group (Max-Planck Institute for Ornithology, Seewiesen, Germany). The bats
were housed in flight tents (220 x 90 x 110 cm or 220 x 130 x 134 cm) at 20 °C *
3 °C and 14:10 h light:dark photoperiod and released at or close to the site of
capture after the completion of the experiments. We fed the bats during the
experiments and if necessary we gave them additional mealworms (larvae of
Tenebrio molitor, Coleoptera) after the experiments to maintain their body

condition. Body mass was measured each day to monitor body condition.

Wing morphology

In addition to the standard measures, wing photographs were taken. We
placed each individual with its ventral side firmly against the board of a copy
stand (custom-made, Max-Planck Institute for Ornithology, Seewiesen, Germany)
covered with graph paper and a transparent self-adhesive cover film. We
carefully extended each wing, so that the humerus was at a 90° angle to the
midline of the body. The wings and tail membrane were fixed with transparent
adhesive tape (width 19 mm) to the board. We took several digital photographs of
each bat with a digital camera (12 megapixel, DMC-TZ10, Panasonic, Osaka,
Japan) that was attached to the copy stand (height 47 cm). After taking the
photographs, we carefully removed the tape without injury to the bat. We chose
the two best wing photographs (i.e., without blurriness in the picture, both wings
were fixated symmetrically, the head was straight and pointed towards the plate
and wing and tail membranes were fully extended) of each individual for analysis.
From the selected wing photographs, we measured different lengths (hand-wing
length, arm-wing length, upper arm and body width length) and areas (arm-wing
area, hand-wing area, tail area, body area and wing area) (Fig. 4.1) with an
image processing program (Adobe Photoshop, version 13.0.1, Adobe Systems,
San Jose, USA). The measurements on the arm-wing and hand-wing were
always taken from the right wing to keep consistency and because we anticipated
that measures were similar across wings.

From the measurements of the wing photographs and the standard
morphometric measures, we calculated aspect ratio (wing span”™2 / wing area),
relative wing loading (mass x gravity / wing area x mass”(1/3)), tip length ratio
(hand-wing length / arm-wing length), tip area ratio (hand-wing area / arm-wing
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area), the wing-tip shape index (tip area ratio / (tip length ratio - tip area ratio))
(Norberg & Rayner 1987; Norberg 1994), tail-to-body length ratio (tail length /
body length) and tail-to-wing area ratio (tail area / wing area - tail area)
(Schmieder et al., 2014). We compared each measurement, ratio and index for
species differences among the five horseshoe bat species and among the three
intermediate species with a non-parametric Kruskal-Wallis test in R (version:
3.1.1, 2014-07-10) (RcoreTeam, 2014). The p-values were corrected for multiple
testing with the function p.adjust in R and the Bonferroni correction. The 95%
confidence intervals of the median values from the differing parameters were
calculated using the bootstrapping method in R in the package boot (type:
percentile) (Canty & Ripley 2013).

upper arm and body
width length

Figure 4.1: Wing of Rhinolophus mehelyi Borkhausen 1797 to illustrate morphometric
measurements taken from photographs.

Manoeuvrability experiments

Flight performance of each species was assessed using an obstacle
course of three rows of vertical plastic tubes (grey PVC, length approx. 2.30 m)
set in the centre of a flight tunnel (length 8 m x breadth 1.5 m x height 2.40 m).
The tubes had a diameter of 6 mm and a roughened surface and were clearly
detectable by the tested bats (Schnitzler 1968; Sumer et al., 2009; Schmieder et
al,. 2014).

The obstacle tubes were suspended with hooks from a wooden plate and
fitted into holes in another wooden plate set on the ground. The wooden plates
were attached to a wooden framework which we placed four metres away from

the beginning of the flight tunnel (Fig. 4.2). The spacing between the obstacles
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was equal within and among the three rows. Each trial was monitored by the
observer with a red headlamp light, and videos were recorded with 4 IR-cameras
and Digi Protect (ABUS, Affing, Germany) surveillance software for later analysis.
Infrared light was provided through a stroboscope (875 nm wavelength, flash rate

50 Hz, i.e., one flash per video half-frame, custom made, University of

Tuebingen).
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Figure 4.2: Flight tunnel - view from above. Sketch of the experimental set up (not exactly to scale),
showing the flight tunnel and the wooden plates in the middle, where the obstacles were positioned.
The bats flew from the Start position, through the obstacle course, to the End, where they received a
reward.

Over the course of the experiment, each individual bat was presented with
the same eight obstacle spacing distances (45 cm, 40 cm, 35 cm, 30 cm, 25 cm,
20 cm, 15 cm and 10 cm). The obstacle arrangements were presented beginning
with the largest and ending with the smallest spacing. Each time all obstacle
spacing distances were presented to an individual a so called “round” was
completed. Each obstacle spacing was presented consecutively six times
(“trials™) during one round. When all six trials for a given spacing were presented
to an individual one “presentation” was finished. After the smallest possible
obstacle spacing was presented, a new round started with the widest obstacle
spacing, until three rounds of presentations for each spacing were completed.

By presenting the same obstacle spacing consecutively, we attempted to
test the bats’ maximal manoeuvrability performance. We predicted the bats would

get used to the obstacle positions by spatial learning (Barchi et al., 2013) and
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would improve their performance with time. This would resemble flight behaviour
in known, cluttered habitat, such as vegetation with trees and bushes. The first
presentation of an obstacle spacing, should somewhat resemble flight in
unknown habitat because the bats were not used (no spatial learning effect) to
the arrangement.

The experiments began one or two nights after capture. For the first three
trials of an experimental night, we let each bat fly through the tunnel without
obstacles. At the beginning of each trial, the bat was placed in a hanging position
on a perch. It had three minutes’ time to start flying on its own. If it did not start to
fly, the perch was turned gently prompting the bat to fly. The bat was allowed
three minutes to fly through the obstacle course to the end of the flight tunnel. If
the bat failed to negotiate the course, instead, remaining near the obstacle
course (e.g., by landing on the wall or ceiling in front of the obstacle course), it
was taken and re-released at the beginning of the tunnel. If a bat refused to fly
through the course for more than three minutes, the trial was stopped and the bat
was again placed hanging on its perch, which was covered with a small cage
(carton, height 27 cm x breadth 27 cm x depth 18 cm) for one minute to prevent
the bat from flying and to signal a clear break between the two trials to the bat. If
a bat did not manage to complete two of the six consecutive trials successfully —
l.e., flying through the course without landing — for a given presentation in a
round, the presentation was not completed successfully and, for the safety of the
bat, we decided that it reached a so called “welfare threshold” where no smaller
spacing was presented and a new round was started. Each time a bat completed
one flight through the obstacle course, it was rewarded with 1 - 2 mealworms
(and water from a pipet if needed) at the end of the flight tunnel. After the feeding
break of about one minute a new trial was started until the presentation was
completed and a maximum of 12 mealworms were fed (more mealworms
reduced bats’ motivation to undertake the trials). No more than three
presentations per bat were conducted per night with a break between
presentations of at least one hour.

The experimental procedure had to be adjusted for the two R.
hipposideros because the species is very fragile (Weinberger et al., 2009) and
therefore, each individual was only kept in captivity for half a night. Neither of the

two individuals was tested at the 30 cm and 40 cm spacing and the welfare
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threshold was reached if a bat failed any of the first three trials. The bats were not

tame enough to be rewarded with mealworms, but were given longer resting
times (6-10 minutes) at the end of the flight tunnel between trials.

Video recordings of the trials were then inspected, and trials scored

(performance score, Table 4.1) for

soft and hard touches of the

Table 4.1: Scoring system

Points _ Description obstacle tubes, unintended

10 Notouch landings (landing on ground after
9 One touch — soft or not clear .

touching one or several obstacles)
8 One touch — hard
7 Two touches as well as invalid trials and the
6 Three or more touches duration of the time it took the bat
5 Touches & one unintended landing on ground .
4 Touches & two or more unintended landings to cross the course (transmon
3 Invalid trial: wall time) were noted. Trials were
2 Invalid trial: landing on purpose (no touch) excluded from the analyses if a
1 Refused to fly through, crawling,

welfare threshold bat was disturbed directly before
crossing the course or if there

were technical problems with the video recording.

Differences in manoeuvrability

We employed generalized linear mixed effects models (GLMMs) in R
(RcoreTeam, 2014) using the cumulative link mixed model (clmm) function
function in the package ordinal (Christensen 2014) to test for differences in
manoeuvrability (i.e., differences in performance score) among the species,
obstacle spacing and repeated measures (rounds and trials). We fitted 19
competing models with alternative fixed effects structures and ranked them using
Akaike information criterion corrected for small-sample-size (AICc; Akaike 1974;
Hurvich & Tsai 1989; Mazerolle 2014) to determine which model best describes
our data set (Table S 4.1, Fig. S 4.1). We accounted for individual differences

and pseudo-replication by using individual identity as a random factor.

Differences in transition time
We employed GLMMs in R (RcoreTeam, 2014) using the Imer function in
the package Ime4 (Bates, 2013) modelled with a normal error distribution to

check for differences in transition time (time for the bats to cross the obstacle
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course) of species, obstacle spacing and repeated measures (rounds and trials).
For this analysis, we took only transition time measures for completed trials
(those with a scoring of six or higher). We fitted 27 competing models with
alternative fixed effects structures and ranked them using the AICc to determine
which best describes our data set (Table S 4.2). As above, we accounted for
individual differences and pseudo-replication by using individual identity as a

random factor in all our models.

Relationship between morphology and flight performance - with single
morphometric variables

To determine whether morphometric variables explained the observed
species-specific differences in performance, the morphometric measures and
ratios (Table 4.2 and 4.3) for the individuals tested were used within the
modelling process. The 20 morphometric measures and ratios were added to the
model with lowest AICc value which did not include species identity or the
interaction with round (Table S 4.1, model 4 = basic model). Each time, only one
variable was added to this basic model (20 variables = 20 models). All measured
and calculated morphometric variables were included in the modelling process.
We retained correlated variables because correlation does not guarantee the
same functional role in manoeuvrability. For the added morphometric variables in
the differing models, the p-values were corrected for multiple testing with a
Bonferroni correction factor. The morphometric variables, their AICc values and
their p-values were directly compared and discussed regarding the influence, or
lack thereof, in relation to the manoeuvrability performance (Table S 4.3 A). A
model with an AICc value at least two units lower compared with other models
was considered to be the better model. We then repeated the procedure with a
reduced dataset that included only the three intermediate species (Table S 4.4
A).

Relationship between morphology and flight performance - with multiple
morphometric variables
Subsequently, we tested whether there was a minimum adequate model

(MAM) of morphometric variables that best explained differences in
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manoeuvrability. We made shortlists (final selection A - C, Table S 4.3 B) of the
variables from the three best single-variable models (lowest AICc values, Table
S 4.3 A) and added any remaining morphometric variables that were not highly
correlated (2| 0.7 ) with the shortlisted variables (Table S 4.5). We then used the
function “dredge” of the R package MuMin (Barton 2014) with the three models
including all morphometric variables from the shortlists to generate preliminary
best models (best model A - C) and to find amongst those the best final model or
MAM with the lowest AICc value. We repeated the procedure with a reduced
dataset, including only the three intermediate-sized species, Rhinolophus blasii,
R. euryale and R. mehelyi (Table S 4.4 B and S 4.6).

RESULTS

Wing morphology

There was a significant effect of species on all twelve length and area
measurements (Table 4.2). However, when analyses were restricted to the three
intermediate species, no significant differences were found for arm-wing area, tail
length, tail area, body length and body area. For the size-independent ratios, we
found no significant effect of species on relative wing loading, tip length ratio, tip
area ratio, wing-tip shape index and the tail-to-wing area ratio (Table 4.3).
Species did affect aspect ratio and the tail-to-body length ratio, but the latter did
not differ among the three intermediate species. The lowest aspect ratio was
found for R. hipposideros and the highest for R. ferrumequinum. R. hipposideros,
followed by R. ferrumequinum, had the highest values of tail-to-body length ratio
(i.e., longest relative tail length) and R. blasii had the lowest values (shortest

relative tail length).

Manoeuvrability experiments

Flight performances of all bats except two R. blasii were successfully
tested by the obstacle course. The two R. blasii were excluded because it took
too long to recapture them between trials. After incomplete trials (due to
disturbance or technical problems) were excluded, we obtained 64 trials for the

two R. hipposideros, 720 for the remaining five R. blasii, 863 for the six
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R. euryale, 862 for the six R. mehelyi and 857 for the six R. ferrumequinum in
total (including the trials that reached the welfare threshold).

The narrowest obstacle spacing a bat negotiated without touching any
obstacle was 15 cm achieved by one R. euryale in the 3rd round (average
minimum negotiated spacing for R. euryale: 20.0 cm, N = 6). However, in the first
round, the best performance was from the two R. hipposideros (Fig. 4.3 and S
4.2). Both individuals managed to manoeuvre through an obstacle spacing of 20
cm without any touches in several trials. R. euryale performed worse in the first
round than R. blasii and R. mehelyi. R. blasii (average minimum negotiated
spacing: 23.0 cm, N = 5) performed similarly or worse than R. mehelyi for most
obstacle spacings and differing rounds (average minimum negotiated spacing:
22.5 cm, N = 6) (Fig. S 4.2). The poorest performance was by R. ferrumequinum
(average minimum negotiated spacing: 25.0 cm, N = 6).

Crawling on the ground was observed in the obstacle course at narrow spacing
(15 - 25 cm) for R. blasii (2 individuals, 9 trials), R. mehelyi (1 individual, 1 trial)

and R. ferrumequinum (1 individual, 1 trial). Furthermore, one R. blasii and two

1st round 2nd round 3rd round

10

score
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Figure 4.3: Model prediction of performance score per round and species for an obstacle spacing of
25 cm. Rhip = R. hipposideros, Rbla = R. blasii, Reur = R. euryale, Rmeh = R. mehelyi, Rfer = R.
ferrumequinum. The predictions were from a clmm model with the lowest AIC; the lines show the
bootstrapped 95% confidence intervals. In some cases, the model predictions are not in the centre of the
confidence intervals because of the influence of extreme values. For example, the score of R. euryale in the
3rd round was high (9 or 10) in all cases, with the exception of one case, where a medium score of 5 was
reached and a low score (1-3) was not given.
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R. mehelyi were observed to land on the ground in front of the obstacle course

before flying through it (intentional landing).

Differences in manoeuvrability

The best model of performance score (Table S 4.1, model 19) included the
independent variables spacing (effect between obstacle spacing and
performance score, parameter estimate (Est.) + standard error (SE) = 8.00 +
0.22, z = 36.53, p < 0.001), species (see values in Table 4.4), round (Est. £ SE =
0.62 £ 0.11, z = 5.63, p < 0.001) and an interaction between the species and the
round (see values in Table 4.4). The variable trial (within a spacing) did not
contribute to any of the four best models (Table S 4.1). At the narrow obstacle
spacings 20 cm, 25 cm and 30 cm the difference in the performance of the five
species was highest (Fig. S 4.2). Furthermore, the performance of each species
improved over the course of the three rounds (see as example model predictions
at a spacing of 25 cm in Fig. 4.3). We reran the best model with different
reference species to evaluate the difference in performance among species
(Table 4.4 A). The performance of the smallest and largest species

1st round 2nd round 3rd round
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Figure 4.4: Model prediction of transition time (only for scores 6 - 10) per round and species for an
obstacle spacing of 25 cm. Rhip = R. hipposideros, Rbla = R. blasii, Reur = R. euryale, Rmeh = R.
mehelyi, Rfer = R. ferrumequinum. The predictions were from a Imer model with the lowest AICc; the lines
show the bootstrapped 95 % confidence intervals.
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(R. hipposideros and R. ferrumequinum) was significantly different from each
other and from the intermediate species (R. blasii, R. euryale and R. mehelyi),
although the performance difference for R. ferrumequinum when compared with
the second smallest species R. blasii was with a p-value around p = 0.05 only
barely significant (Table 4.4 A). We did not find difference in performance score
among the intermediate species. Regarding the interaction between species and
round, we found a highly significant interaction for R. euryale and to a lesser
extent for R. mehelyi (Table 4.4 B, Fig. 4.3).

Because performance improved across rounds and we were interested in
the maximum manoeuvrability performance, we also tested for differences in
performance in the last round only (no data for R. hipposideros). With this
reduced dataset, we ran our model (without the variable round and the interaction
of species to round) several times with different reference species (Table 4.4 C).
There was a significant effect of species on performance score, and all pair-wise
comparisons were significant except for R. mehelyi vs. R. blasii, and

R. ferrumequinum vs. R. blasii.

Differences in transition time

We obtained transition times for 45 trials from the two R. hipposideros, 396
trials from the five R. blasii, 519 trials from the six R. euryale, 530 trials from the
six R. mehelyi and 449 trials from the six R. ferrumequinum in total (including
only trials with scores of 6 - 10). The average transition time at the 25-cm spacing
was 1697 ms, and at the 35-cm spacing, the average transition time was reduced
to 1319 ms.

The best model with the dependent variable transition time included the
independent variables spacing (effect between obstacle spacing and transition
time (Est. £ SE = -0.80 £ 0.08, t = -10.46), round (Est. + SE = -0.13+ 0.02, t = -
7.49) and trial (Est. £ SE = -0.01 £ 0.00, t = 3.43, p <0.001). Furthermore, the
best model included an interaction between obstacle spacing and species (Est. +
SE =-0.26 - 1.13 £ 0.09 — 0.17, t = -2.34 — 6.66, p <0.001) and an interaction
between obstacle spacing and round (Est. + SE = 0.21 + 0.04, t = 4.90,
p <0.001). The p-values were obtained with ANOVA comparisons of the next

simpler models, missing another variable in question each time. No p-values
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could be obtained for round, spacing and species alone. The bats needed less
time for crossing the obstacle course when the spacing was wider (Fig. S 4.3).
For the achievable narrower spacings, R. hipposideros and R. euryale had the
shortest transition times, and R. blasii the longest. The variation in transition time
for the narrow spacings 20 cm and 25 cm was highest within and among
individuals (Fig S 4.3).

Relationship between morphology and flight performance - with single
morphometric variables

When we tested all of the morphometric variables obtained for the five
horseshoe bat species to determine their influence on the performance score in
the same basic model, we found two models with a similarly low AlCc value and
significant p-values. The first model included the morphometric variable mass,
and the second model included body length (Table 4.5 A and S 4.3). The third
best model included the body area (p < 0.001).

For testing only the intermediate species, we used the data of the species
R. blasii, R. euryale and R. mehelyi from all trials in the last round. The three
models with the lowest AICc values for the intermediate horseshoe bat species
included the variable mass and body length that were also found in two of the
three best models of the dataset that included all five species. However, the
variable body length was no longer the most important variable. Instead, the
relative wing loading was found in the best model and had the only significant
corrected p-value with p = 0.010 (Table 4.5 B and Table S 4.4 A).

Table 4.5: Three best basic generalized linear mixed effects models (GLMM) with response
variable score and one added morphological variable (in bold) for (A) all five horseshoe bat
species and (B) the last round with only the intermediate horseshoe bat species.

A)

Model AICc Variable Estimate SE z p
2 4923.12 Spacing 7.55 0.21 35.79 <0.001
Round 1.00 0.07 15.27 <0.001
Mass -0.79 0.14 -5.60 <0.001
3 4924.37 Spacing 7.58 0.21 35.80 <0.001
Round 0.95 0.06 14.93 <0.001
Body length -0.69 0.11 -6.21 <0.001
8 4928.43 Spacing 7.58 0.21 35.78 <0.001
Round 0.94 0.06 14.85 <0.001

Body area -0.71 0.13 -5.61 <0.001
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B)
Model AlCc Variable Estimate SE z p
16 947.95 Spacing 8.41 0.52 16.25 <0.001
Relative wing loading -0.71 0.20 -3.48 0.010
2 951.82 Spacing 8.44 0.52 16.22 <0.001
Mass -0.59 0.24 -2.53 0.232
3 952.30 Spacing 8.47 0.52 16.19 <0.001
Body length -0.59 0.25 -2.39 0.338

AlCc is the small-sample-size corrected version of the Akaike information criterion (AIC). The p-values
of the morphological variables were corrected for multiple testing with a Bonferroni correction factor.

Relationship between morphology and flight performance - with multiple
morphometric variables

The model selection procedure, which included several morphometric
variables per model, resulted in one MAM for all five horseshoe bat species and
one MAM for the intermediate species. The model including all species consisted
of the morphological variables body length, relative wing loading, aspect ratio and
tail-to-wing-area ratio (Table 4.6 A). For all variables, except the tail-to-wing area
ratio, a significant p-value < 0.003 was found.

The MAM for the intermediate species consisted of the following significant
morphological variables: tip length ratio, aspect ratio, body length and digit 5
length (Table 4.6 B).

Table 4.6: Model selection results shows best models with response variable score for

(A) the full dataset with all five horseshoe bat species and (B) the dataset for the last
round with only the three intermediate horseshoe bat species.

A) AlCc Variable Estimate SE z p
4911.5 Spacing 7.55 0.21 35.75 <0.001
Round 1.02 0.07 15.12 <0.001
Body length -0.92 0.13 -7.24 <0.001
Relative wing loading -0.36 0.11 -3.22 0.001
Aspect ratio 0.46 0.15 3.14 0.002
Tail-to-wing area ratio 0.16 0.11 1.49 0.138
B) AlCc Variable Estimate SE z p
943.75 Spacing 8.48 0.52 16.20 <0.001
Tip length ratio 0.77 0.19 4.16 <0.001
Aspect ratio -0.76 0.25 -3.06 0.002
Body length -0.42 0.21 -1.97 0.049

Digit 5 0.35 0.18 1.97 0.049
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DISCUSSION

Wing morphology

Besides the overall size differences in external morphology among the five
horseshoe bat species, we found several morphometric variables which had
values that were not proportional to the other measures. Among the intermediate-
sized species differences in overall size exist, however no significant differences
were found for the arm-wing area, tail length, tail area, body length and body
area, indicating that these species are not just scaled versions of the same model
(not the same silhouette) and differences in shape within those body regions with
non-significant differences exist.

The results for the ratios and indices support the indicated shape
differences in the way that the tail length in relation to the body length (tail-to-
body length ratio) when comparing all five species was significantly different.
Furthermore significantly different values were found for the wing region in regard

to the aspect ratio for all five species and also the intermediate species alone.

Differences in manoeuvrability and transition time

The five horseshoe bat species differed in their ability to negotiate
obstacles. We found that for all species except R. blasii, the smaller species
performed better than the larger species. Although R. blasii is one of the smaller
species, the maximum manoeuvrability performance of the slightly larger
R. euryale was better which indicates that overall size differences alone are not
the only factors influencing performance differences.
Manoeuvrability performance increased across the three rounds, which we
attribute to spatial learning (Barchi et al., 2013). In the wild, horseshoe bats
consistently forage in familiar localities (Dietz et al., 2009, Motte and Libois 2002,
Aihartza et al., 2003, Goiti et al., 2006) providing an opportunity to fine-tune flight
paths in cluttered, vegetatively complex habitats. Improvement in performance
across rounds was most distinct for R. euryale and to a lesser extent for
R. mehelyi. Although we attribute performance differences among species to
morphological differences, behavioural flexibility and echolocation signal design
might also play role. For example, R. blasii has proven behavioural flexibility in

prey-capture strategies (Siemers & Ivanova 2004) and performed in our
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experiments better than R. euryale, R. mehelyi and R. ferrumequinum on the first
round of presentations, but this distinction was lost in the 2" and 3™ rounds. We
are confident, that manoeuvrability performance in the third round is the maximal
performance for each species within our experiments and therefore a suitable
performance for comparison among tested species and with morphology.

Differences in transition times among species were significant but small. The
most manoeuvrable species, R. hipposideros and R. euryale had the lowest
transition times, suggesting that greater manoeuvrability enabled faster flight

through the obstacle course.

Relationship between morphology and flight performance

In the single-variable morphometric models, size played an important role
in manoeuvrability performance of all five species and, to a lesser extent, of the
three intermediate-size species. Body mass was the variable found in the best
single-variable morphometric model for all species, reflecting the known
association between mass and manoeuvrability; bats with higher mass are less
manoeuvrable (Aldridge & Brigham 1988; Norberg 1994; Swartz et al. 2012;
Voigt & Holderied 2012). Body length and body area were found in the second
and third-best models. The importance of body length for manoeuvrability
performance was reported in a similar study on mouse-eared bats (Myotis myotis
and M. blythii) (Schmieder et al., 2014). The authors suggested that in contrast to
the adjustability of the wing, body length is less flexible and may restrict tight,
quick turns close to obstacles. As body length and body area relate to the same
region, similar conclusions can be anticipated for the influence of body area on
manoeuvrability. Our results showed that the tested R. blasii had a similarly long
or even longer body length than the slightly larger R. euryale. We therefore
propose that relative to size, the longer body length in R. blasii played a role in its
poorer manoeuvrability performance.

Body mass and body length were also selected in the models of
performance in the three intermediate-sized species. However, the best model
consisted of the size-independent variable relative wing loading. Low wing
loading is commonly associated with good manoeuvrability (Norberg & Rayner
1987). Although we did not find significant differences in relative wing loading for
the intermediate (or all five) horseshoe bat species the values of all tested
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species are quite low compared to other species and typical for species with
short and broad wings (Norberg 1994). We can therefore consider the relative
wing loading as a measure of general importance for the manoeuvrability
performance of the tested horseshoe bats.

In contrast to our predictions we did not find any morphometric variables
related to wing size (length, area) or shape in our single-variable morphometric
models. This result is in line with the results of Schmieder et al. (2014) and
indicates that differences in wing morphology of closely-related bat species do
not necessarily play the main role for differences in manoeuvrability performance.
Unlike the single-variable models, body mass and body area did not contribute to
the best multiple-variable (MAM) models. However body length remained in the
best MAM models and seems therefore the most important contributor. The
MAMs also highlighted the relevance of some wing parameters and ratios (tip
length ratio, aspect ratio and digit 5 length). In particular, tip length ratio was
selected by both the 5- and 3-species models. However, the relative wing loading
(connected with mass) was found in the MAM for all five species as well. The tail-
to-wing area ratio and the tip length ratio were also included in the MAM for all
five species. The differences between the tested species for these two variables
were not significant and for the tip length ratio compared with other species in the
medium range (Norberg & Rayner 1987). We therefore consider the tail-to-wing
area and the tip length ratio within a medium range as being of general
importance for good manoeuvrability performance within the species.

Contrary to a former study on manoeuvrability performance in mouse-
eared bats (Schmieder, Zseb6k & Siemers 2014), where the tail-to-body length
ratio but not the tail-to-wing area ratio was found in the MAM, in our study, the tail
area clearly seems to be more important and a more reliable measure; in these
horseshoe bat species, we were able to fully extend the tail membrane area with
more accuracy than was possible in the study on the mouse-eared bats. A longer
tail and a larger tail membrane can increase manoeuvrability and agility (Norberg
1994; Dudley 2002; Gardiner et al., 2011a; Gardiner et al. 2011b; Adams et al.,
2012; Schmieder et al., 2014). The most manoeuvrable species (R. hipposideros)
had the longest tail and largest tail area relative to size. Though, the second most
manoeuvrable species (R. euryale) had the smallest relative tail area, which
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weakens the importance of the taill membrane for manoeuvrable flight
performance in these species.

In the MAM model for the three intermediate species, the remaining two
variables in the model were associated with wing shape, namely aspect ratio and
digit 5. Manoeuvrability is associated with a low value for aspect ratio and high
value for digit 5 — both indicating that the wing is relatively short and broad
(Norberg & Rayner 1987; Norberg 1994; Voigt et al. 2010).

Interestingly, as in the single-variable models, we could not find any effect
of the wing tip shape (wing-tip shape index) in the MAMSs.

Conclusions

We can conclude that regarding manoeuvrability, the smallest species,
R. hipposideros, and the middle-sized species, R. euryale, are best adapted to
forage within dense vegetation. The species R. blasii, R. mehelyi and
R. ferrumequinum seem less well adapted to forage in dense vegetation.
Differences in overall size seem to be therefore the main mechanism providing
the potential for an ecological separation of the studied species within shared
habitats. The shape of the wing does not play an essential role for the
manoeuvrability performance, but differences in other influencing external
morphometric variables deviating from the overall size trend - especially the body
length - were found and seem to play an important role.

The results show that these bats are well adapted to different
microhabitats in the habitat where they occur sympatrically. However, the
differences found between the five species are small, and compared with other
species, all are very well adapted to forage within vegetation. In a similar
experiment with greater and lesser mouse-eared bats (Schmieder et al., 2014),

both species performed worse than all five horseshoe bat species.
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Figure S 4.1: Model fit (per round) of the Imer-model with the lowest AlICc (mod19) with performance
score. The coloured points represent the predicted and measured scores for the different species (green =
R. blasii, blue = R. euryale, grey = R. mehelyi and red = R. ferrumequinum).
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Figure S 4.2: Performance score for each tested spacing, round and species (calculated from
individual averages). Bars of the same colour at a specific spacing represent rounds 1-3 from left to
right. The bars represent the interquartile ranges, therein are the medians shown with horizontal black
bars; the whiskers below and above represent the minimum and maximum values; the circles

represent outliers.
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Figure S 4.3: Transition time (only for scores 6 - 10) for each spacing, round and species
(calculated by individual averages). Bars with same colouration at a specific spacing represent the
rounds 1-3 from left to right. The horizontal darker coloured bars are the medians; the coloured boxes
represent the interquartile ranges; the whiskers below and above represent the minimum and
maximum values; and the circles represent outliers. At 15-cm spacing, only one boxplot is shown for
R. euryale in the third round; in all other cases, no transition time was available. At 20-cm spacing,
transition times for R. blasii in the 2nd round, R. euryale in the 1st round and R. ferrumequinum in the
1st round are missing. The negative numbers above the boxplots indicate cases where transition times

of individuals were missing, e.g., min

us three means three individuals less..
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Table S 4.1: Finding the best model with the score as the dependent variable.

Model AICc Variable 1 Variable 2 Variable 3 Variable 4 Variable 5
19 5065.62 Spacing Species Round Species:round
18 5066.68 Spacing Species Round Spacing:species Species:round
6 5157.40 Spacing Species Round
17 5159.19 Spacing Species Round Spacing:species
9 5159.25 Spacing Species Round Trial
4 5186.76 Spacing Round
8 5188.63 Spacing Round Trial
3 5415.00 Spacing Species
7 5416.62 Spacing Species Trial
2 5434.69 Spacing
5 5436.37 Spacing Trial
11 8718.55 Species Round
13 8720.55 Species Round Trial
14 8731.63 Round
15 8733.64 Round Trial
10 8784.28 Species
12 8786.25 Species Trial
1 8791.50 1
16 8793.47 Trial

The same background colour (grey or white) indicates models that are not at least two
units different in regard to the AlCc value. Best model indicated in bold type.
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Table S 4.2: Finding the best model with the transition time as the dependent variable.
Variable Variable Variable

Model  AlCc 1 2 3 Variable 4 Variable 5 Variable 6 Variable 7
27 944.08 Spacing Species Round Trial Spacing:species Spacing:round
26 961.47 Spacing Species Round Trial Spacing:species

17 983.69 Spacing Round Trial  Spacing:round
20 984.26 Spacing Species Round Spacing:round
987.08 Spacing Round Trial
987.77 Spacing Round
19 988.09 Spacing Round Trial  Spacing:round Round:trial
18 990.22 Spacing Round Trial Round:trial

21 996.35 Spacing Species Round Trial Species:round
1000.08 Spacing Species Round Trial
1000.84 Spacing Species Round

24  1003.26 Spacing Species Round Trial Round:trial

1017.95 Spacing Trial
1019.58 Spacing
1029.55 Spacing Species  Trial

25 1031.01 Spacing Species Round Trial Species:trial

3 1031.24 Spacing Species

22 1047.43 Spacing Species Round Trial Spacing:species  Species:round Round:trial
23 1056.09 Spacing Species Round Trial Species:round Round:trial

16 1407.71  Trial

15 1410.24 Round Trial

1 1410.62 1

14 1412.75 Round

12 1416.68 Species Trial

10 1419.63 Species

13 1420.34 Species Round Trial
11 1422.93 Species Round

The same background colour (grey or white) indicates models that are not at least two units different in regard to
the AICc value. Best model indicated in bold type.
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ABSTRACT

External morphology is commonly used to identify bats as well as to
investigate flight and foraging behavior, typically relying on simple length and
area measures or ratios. However, geometric morphometrics are increasingly
used in the biological sciences to analyze variation in shape and discriminate
among species and populations. Here we compare the ability of traditional versus
geometric morphometric methods in discriminating between closely related bat
species, in this case European horseshoe bats (Rhinolophidae, Chiroptera)
based on morphology of the wing, body and tail. In addition to comparing
morphometric methods, we used geometric morphometrics to detect interspecies
differences as shape changes.

Geometric morphometrics yielded improved species discrimination relative
to traditional methods. The predicted shape for the variation along the between
group principal components revealed that the largest differences between
species lay in the extent to which the wing reaches in the direction of the head.
This strong trend in interspecific shape variation is associated with size, which we

interpret as an evolutionary allometry pattern.

INTRODUCTION

Studies relating bat wing morphology to flight characteristics date back to
the beginning of the 20™ century (Revilliod, 1916; Banks, 1930; Eisentraut, 1936;
Poole, 1936). Lengths and areas of wings or their parts were typically measured
to compare wing morphology among species. Wing loading, the first ratio
proposed, is still used for size-independent species comparison (Poole, 1936). In
following decades, further ratios, such as aspect ratio, tip length ratio, tip area
ratio and the wingtip shape index were defined (Struhsaker, 1961; Findley, 1972;
Norberg & Rayner, 1987). Many studies of wing morphology were conducted
using these ratios to compare interspecies morphology (Aldridge & Rautenbach,
1987; Norberg & Rayner, 1987; Saunders & Barclay, 1992; Norberg, 1994;
Rhodes, 1995; Salsamendi et al., 2006; Zhang et al., 2007). The methods for
obtaining raw morphometric variables (e.g. wing area or arm wing area) to
construct such ratios often varied among studies, making results difficult to
compare (Norberg & Rayner, 1987, Findley, 1972, Rhodes, 1995, Saunders &
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Barclay, 1992, Stockwell 2001, Sevcik 2003, Schmieder et al. 2014). Another
problem was the way in which bats were measured. That is, early studies
collected measurements on museum specimens (Findley, 1972; Norberg &
Rayner, 1987), while later ones relied on wing tracings from live bats (Rhodes,
1995; Brigham et al., 1997; Bowie et al.,, 1999; Zhang et al., 2007). Finally, in
recent years, photographs of bats with fully extended wings have been analysed
with image programs (Mancina et al.,, 2012; Voigt 2013). For a long time,
differences in total wing area and shape in relation to flight and foraging
performance were emphasized and in most studies the tail was assumed to play
a minor role or was not measured independently. Typically, the tail area was
included in measurements of the wing area together with the body or parts of the
body (Norberg & Rayner, 1987, Aldridge & Rautenbach 1987, Rhodes, 1995,
Saunders & Barclay, 1992, Zhang et al., 2007, Salsamendi et al., 2006).
However, Schmieder et al. (2014) used two ratios to exclusively capture tail
morphology and found differences between two similar species.

Since the 80s a new set of morphometric techniques has been
established: geometric morphometrics (Rohlf & Marcus, 1993; Adams et al.,
2004; Adams et al., 2013). This set of techniques has gained enormous
popularity and has been used across a large number of taxa and questions (for a
recent review see Adams et al.,, 2013). These methods have become popular
because they permit separation of the size and shape components of
morphometric variation. The resulting variables are not redundant and these
approaches allow visualization of results in terms of shape changes while
retaining the geometric properties of objects throughout the analysis (Zelditch et
al., 2012). Moreover, geometric morphometrics allows quantifying changes in the
position of anatomical structures relative to one another, which sometimes are
not captured by linear morphometric techniques. Contrasting this popularity in
studies of other taxa, geometric morphometrics has had limited use in studies of
external morphology in bats (but see Birch, 1997; de Camargo & de Oliveira,
2012). In the present study, we quantitatively compared the ability of traditional
and geometric morphometric methods to discriminate among species of bats
based on external morphology. If geometric morphometrics proves to be better in
capturing differences in bats’ external morphology, this method could be a helpful

tool where traditional morphometrics is limited (i.e. when traditional
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morphometrics cannot be used to discriminate among species or when shape is
itself of interest). We quantitatively compared the different methods by using
classification rates in discriminant analysis and we focused on bat species that
are closely related and known to be very similar in morphology. We, therefore,
set out to analyse the differences in morphology of the five European horseshoe
bat species (Rhinolophidae, Chiroptera). These species sometimes overlap in
size and they are very similar in morphology (Norberg & Rayner, 1987,
Salsamendi et al., 2006, Dietz et al., 2006a, Dietz 2007; Salsamendi et al.,
2012b). The smallest European horseshoe bat is Rhinolophus hipposideros
Bechstein, 1800 and the largest is Rhinolophus ferrumequinum Schreber, 1774.
The other three species: Rhinolophus blasii Peters, 1866, Rhinolophus euryale
Blasius, 1853 and Rhinolophus mehelyi Matschie, 1901 are of intermediate size
and sometimes difficult to differentiate. European horseshoe bats do not only,
overlap in size (especially the intermediate species). In fact, all five species are
known to forage in or close to vegetation (Zahn et al.,, 2008, Bontadina et al.,
2002, Russo et al., 2002, Goiti et al., 2008, Dietz et al., 2009, Russo et al., 2005,
Salsamendi et al., 2012b, Flanders & Jones, 2009) and belong to the same
foraging guild - the flutter detecting foragers (Denzinger & Schnitzler 2013). In
south-eastern Europe all five species occur sympatrically (Dietz et al., 2009) and
can partly overlap in diet (e.g. moths (Dietz et al., 2009, Goiti et al., 2004,
Salsamendi et al., 2008, Ahmim & Moali, 2013) and hunting strategies (foraging
on the wing, foraging from perches and foraging on the ground) (Dietz et al.,
2009, Siemers & Ivanova, 2004, Voigt et al., 2010). The species choose similar
summer roosting places like caves (in the Mediterranean regions) or roof spaces
and other parts within buildings (Zahn et al., 2008, Dietz et al., 2009, Salsamendi
et al., 2012b, Flanders & Jones, 2009). Although the phylogenetic relationships of
this group are not fully resolved, all phylogenies published to date agree in
considering R. mehelyi and R. euryale to be closely-related (Bogdanowicz &
Owen, 1992; Jones et al., 2002, Guillén-Servent et al., 2003). R. hipposideros
seems most distantly related to the other four horseshoe bat species and R. blasii

is considered as a sister group of R. ferrumequinum (Stoffberg et al., 2010).
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MATERIAL AND METHODS

Ethics statement

Capture and handling of bats was in accordance with recommendations of
the Canadian Council on Animal Care on bats (2003) and the EUROBATS
Resolution (2014) and was licensed by the responsible Bulgarian authorities
(MOEWSofia and RIOSV-Ruse, field permit numbers 297/09.03.2011,
465/29.06.2012, 554/20.01.2014). The mentioned field permits authorized us to
capture and measure (including taping of bats for making wing pictures) the
studied species at the differing capture sites (Table S 5.1). Officials from the
Bulgarian Ministry of Environment and Water (MOEW) inspected our work in
accordance with Section 8, Article 23, Paragraph 3 and 4 of the Bulgarian
Biodiversity Law. According to Bulgarian laws no further ethical approval by a
committee is required for a non-invasive study. These procedures were not part
of a routine care or monitoring project. No bats were harmed. After the
experiments all bats were released in good health at their respective capture

sites.

Animals

We caught bats in a harp trap (Faunatech, Victoria, Australia), mist nets
(Ecotone, Sopot, Poland) or hand nets at the entrances of caves, in or near
abandoned buildings in north-eastern, central and southern Bulgaria (maximal
distance between capture sites approx. 260 km, Table S 5.1) between May and
September in 2011, 2012 and 2014. We identified the five European horseshoe
bat species using an identification key (Dietz & von Helversen, 2004). Only adult
male bats with no wing injuries were used for wing pictures. We analysed
pictures of 6 Rhinolophus hipposideros, 7 Rhinolophus blasii, 22 Rhinolophus

euryale, 20 Rhinolophus mehelyi and 21 Rhinolophus ferrumequinum.

Wing pictures

Wing photographs were taken by fixing each individual with its ventral side
held firmly against the board of a copy stand (custom-made, Max-Planck Institute

for Ornithology, Seewiesen, Germany). The board of the copy stand was covered
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with graph paper and transparent self-adhesive cover film pasted on top of it. The
wings and tail membrane were carefully extended (starting with the right wing,
then the left wing and ending with the tail membrane) with the largest possible
stretching of the wing and tail membrane and fixed each time with transparent
adhesive tape (width 19 mm) to the board. For the standardization of wing
position, we have considered that the upper arm was at a 90° angle to the midline
of the body. Before taking pictures, we ensured that the wings and the tail were
properly fixed and that no movement of the fixated body parts was possible. In
the rare cases where movement of fixated body parts occurred, we readjusted
and re-fixated the wing or tail before taking pictures. While fixating the bat, the
head was covered with a black cotton cloth to calm the animal down and to
reduce attempts of the bat to move. Each individual was fixed two times to
reduce measurement error due to fixation. For each fixation, we took several
digital photos with a digital camera (12 megapixel, DMC-TZ10, Panasonic,
Osaka, Japan) mounted on the copy stand at a height of 47 cm. The tape was
then carefully removed without injury. From each of the 76 individuals, we chose
the three best pictures (one or two per fixation) which were then used in
downstream traditional and geometric morphometric analyses. A picture was
chosen as best picture if there was no blurriness in the picture, the wings were
fixated symmetrically, the wing and tail membranes were fully extended and the

head was straight and pointed towards the plate.

Measurements

For traditional morphometrics, we measured the right wing, tail and body to
obtain multiple lengths (hand wing length, arm wing length, wing span) and areas
(arm wing area, hand wing area, tail area and wing area) (Fig 5.1), using an
image processing program (Adobe Photoshop, version 13.0.1, Adobe Systems,
San Jose, USA). We also digitized 17 landmarks on the right side of each
specimen (Fig 5.2), using tpsDig (Rohlf, 2013). From landmark coordinates, we
obtained using the program TMorphGen6 of the IMP package (Sheets & Zelditch,
2003), linear distances between the landmarks 1 and 7 (3rd digit), 7 and 9 (5th
digit), 5 and 6 (first phalanx of 4th digit) as well as 4 and 5 (second phalanx of 4th
digit). For reduction of measurement error in geometric morphometrics, for each

bat we subjectively determined and digitized the best two pictures of the best
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fixation and the best picture of the other fixation. We quantified the measurement
error present in the dataset obtained with the above-mentioned experimental
design using a Procrustes ANOVA (Klingenberg & Mcintyre, 1998), which
showed that measurement error was small relative to the variation among
individuals and among species (Table S 5.2). The resulting coordinates were
then averaged - thus further reducing measurement error (Arnqvist & Martensson
1998, Fruciano et al., 2012, Fruciano et al.,, 2011a) - for each bat after a
generalized Procrustes analysis (Rohlf & Slice, 1990) in MorphoJ (Klingenberg,
2011). As a preliminary MANCOVA showed that the interaction between species
and centroid size was not significant, residuals of a pooled within-group
regression of shape on centroid size (accounting for 16.08% of total variance)
were obtained to take into account intra-species allometry and these were used

in subsequent analyses.

N
Wing \erd

upper arm and body
width length

Figure 5.1. Length and area measurements taken for each analysed wing photograph. These
measures were used for methods 1 and 2.

Figure 5.2. Landmarks used to generate data for methods 3 and 4. All landmarks were used in the
geometric morphometric approach (method 4). Arrows show the linear distances that were taken for method
3.
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Comparison of morphometric methods in species discrimination

In this study we compared 4 morphometric methods for their ability in
discriminating bat species based on external morphology. The first method
involved ratios and other measures that are thought to be “size-independent” (i.e.
corrected for allometry): tip length ratio, tip area ratio, wing tip shape index,
aspect ratio and wing loading (Norberg & Rayner, 1987) (Table S 5.3). The
second method includes measures from the first method except that wing loading
is replaced by relative wing loading (which is less dependent on size) and that the
tail-to-wing area ratio is added to the other variables (Norberg & Rayner, 1987,
Norberg 1994, Schmieder et al. 2014). In the third method we followed Dietz and
colleagues (Dietz et al., 2006a), using residuals of regression on forearm length
for each of the length measurements of digits 3 and 5 and also the first and
second phalanges of the fourth digit. These three methods represent the
traditional morphometric methods most commonly used to analyse external bat
morphology of European horseshoe bats. In a fourth and final method we
employed geometric morphometrics using the set of landmarks defined above.
We used landmarks only on the right wings to maintain consistency with the other
methods and because preliminary analyses on a subset of the specimens
showed a lower measurement error due to fixation, as compared to a symmetric
configuration of landmarks on both sides of the bat.

To compare methods, we used the correct classification rate of
discriminant analysis estimated using a leave-one-out cross-validation procedure.
We obtained discriminant analyses and correct classification rates both for
pairwise comparisons among species and using a single discriminant analysis on
all the species at the same time (canonical variate analysis). We obtained
discriminant functions and correct classification rates for the pairwise
comparisons among species using geometric morphometric data (method 4) in
MorphoJ. All the other discriminant functions and correct classification rates were
computed in SPSS (Version 21.0, IBM Corp. Armonk, NY). Given that linear
discriminant analysis is known to have artefactually high classification rates at
increasing number of dimensions (Mitteroecker & Bookstein, 2011), for the
geometric morphometric dataset, we also performed discriminant analyses on,

respectively, the first two, three, ten, seventeen and twenty-five principal
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components. The first twenty-five principal components were chosen performing
in the R package nFactors (Raiche, 2010) the Anderson's test (Anderson, 1963),
as suggested by Mitteroecker and Bookstein (2011) for dimensionality reduction
prior to discriminant analyses. The first two, three, ten and seventeen principal
components were chosen arbitrarily as lower numbers of principal components.
To test for the presence of a species signal in the raw geometric
morphometric data prior to allometric correction, we also performed discriminant
analyses on the geometric morphometric dataset obtained from the measurement
reduction procedure without subjecting it to the regression-based removal of the

allometric component.

Geometric morphometrics - testing and visualizing differences among
species

In addition to the comparison of different morphometric methods, we
exploited the advantages of geometric morphometrics by further analysing the
geometric morphometric dataset and visualizing differences among species as
shape changes. All the analyses were performed on the right-side configurations
described above. However, to visualize results we reflected the configurations of
points obtained as results (Fruciano et al., 2011b), thus producing more easily
interpretable “bat-like” symmetric displays.

To visualize patterns of variation among species, we used between-group
principal component analysis (Boulesteix, 2005). This method has been
suggested to produce ordinations that are preferable to the commonly used
scatterplots of canonical variate scores (Mitteroecker & Bookstein, 2011) and is
increasingly used in geometric morphometric studies (Fruciano et al., 2014,
Franchini et al.,, 2014) as the ordinations do not exaggerate the extent of
separation between groups. To better interpret variation along the first between-
group principal component (bwgPC1) - which was computed based on data after
a pooled within-group regression on centroid size and is therefore already
corrected for intra-specific allometry - in terms of evolutionary allometry, we
regressed bwgPCL1 scores on centroid size. We tested for pairwise differences in
mean shape among species using the permutational procedure based on
Procrustes distances implemented in MorphoJ (10,000 permutations).
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Differences between species were visualized through wireframe graphs of each

species’ mean shape relative to the grand mean.

RESULTS

Comparison of morphometric methods in species discrimination

There are clear differences in correct classification rates across the four
methods (Table 5.1 and Table S 5.4). The poorest classification rate was found
for method 1 (Norberg & Rayner, 1987) which uses ratios related to the wing,
followed by method 2 (Norberg & Rayner, 1987, Norberg 1994, Schmieder et al.
2014) which uses ratios related to wing and tail and method 3 (Dietz et al.,
2006a) which employs linear measurements on the wing. The latter two methods
were rather similar in correct classification rates. Method 4 (data obtained
through geometric morphometrics) achieved the greatest success as correct
classification was achieved with 94.7% accuracy when comparing all the species
(canonical variate analysis) and ranged between 84.6% and 100% in the pairwise
comparison (Table 5.1). Consistent across-methods among-species differences
in correct classification were found. For instance, R. hipposideros showed
consistently high correct classification rates in all methods. Correct classification
was higher for geometric morphometrics relative to traditional methods also when
the geometric morphometric dataset was subjected to dimensionality reduction
(i.,e. when discriminant analysis was performed on a subset of principal
components; Table S 5.5). Discriminant analyses on the geometric morphometric
dataset containing allometric variation produced lower correct classification rates
when compared to the geometric morphometric dataset obtained after allometric
correction. However, correct classification rates in the former case were still
higher than the ones obtained using a traditional morphometric dataset.

In fact, the cross-validated correct classification rate for the CVA on the
geometric morphometric dataset containing allometric variation was 93.4% (the
same percentage of correct classification is obtained both using the full-
dimensional space and using the first 25 principal components) and on average

91.63% in pairwise comparisons (range 76.92—-100%). This shows that bat
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species could be discriminated with geometric morphometrics even in the

presence of significant allometry.

Geometric morphometrics - testing and visualizing differences among
species

The first between-group principal component accounts for most (91.03 %)
of the shape variation in the dataset. The second principal component accounted
for a mere 4.26% percent of total variance. Interestingly, the different species
show little overlap in the scatterplot of the first two between-group principal
components (bwgPC), and variation along bwgPC1 mirrors inter-specific variation
in body size as species with lower scores on bwgPC1 are larger (Fig. 5.3). This is
confirmed by the regression of bwgPC1 scores (which are already corrected for
intraspecific allometry) on centroid size, which is significant (p<0.0001) and
accounts for 83% of the variation in bwgPC1 scores. Predicted shape for the
variation along bwgPC1 (Fig 5.3) revealed that the largest differences between
species lay in the extent to which the wing reaches in the direction of the head.
Not much variation among species was present along bwgPC2, with the only
exception that R. blasii has, on average, lower scores along this axis.
Considering the low amount of variance explained by bwgPC2 and the fact that it
is constructed, by definition, to be orthogonal to bwgPC1, differences along this
direction are difficult to interpret and, possibly, of little biological significance.
R. mehelyi and R. euryale showed the largest level of overlap in the scatterplot.
Permutation tests of difference in average shape were significant across all
pairwise comparisons (Table 5.2). The lowest Procrustes distance was found
between R. mehelyi and R. euryale, as suggested by their close position in the

scatterplot of the scores on the first two between-group principal components.

Table 5.2: Pairwise Procustes distances among horseshoe bat species (above the diagonal)
and p-values for the null hypothesis of equal means (below the diagonal).

R. hipposideros R.blasii R. euryale R.mehelyi R.ferrumequinum

R. hipposideros - 0.0656 0.0889 0.1278 0.2005
R. blasii 0.0003 - 0.0439 0.0760 0.1472
R. euryale <.0001 <.0001 - 0.0418 0.1180
R. mehelyi <.0001 <.0001 <.0001 - 0.0807

R. ferrumequinum <.0001 <.0001 <.0001 <.0001
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A narrative description of the differences of each species average shape relative
to the overall average shape is provided in Table 5.3 and documents extensive
variation in arm-wing, hand-wing, body and tail regions.

Table 5.3: Overview of species differences found with geometric morphometrics.

Overall
Comparisonto  Hand-wing
Species Average Shape Region Arm-wing Region Body Tail
LM 1 and 4 are
farther apart Arm-wing between
Wing reaches resulting in LM 1 LM 13 and 9 Shoulder Enlarged tail
R. hipposideros farther in cranial  being shifted more enlarged, between region area and tail
direction in cranial direction LM 8 and 9 broader longer
hand-wing slightly  broader
longer
Arm-wing between
LM 13 and 9 Shorter tail,
Wing reaches i . enlarged, enlarged
R. blasii farther in cranial Eingrwmg slightly Propatagium Body longer  (lateral
direction 9 slightly enlarged, direction) tail
between LM 8 and area
9 broader
R. euryale Very similar to Normal Normal Normal Tail area
average shape smaller
. Wing regches . Arm-wing between Tail area
R. mehelyi less far in cranial Normal Normal
o LM13 and 9 shorter smaller
direction
L Arm-wing between  Slightly
Wing reaches Hand-wing LM 13 and 9 shorter, in -
. ; . between LM 9 and Tail slightly
R. ferrumequinum less far in cranial shorter, between shoulder
o 4 and between 4 - longer
direction LM 12 and 8 region
and 1 shorter .
slightly longer broader
DISCUSSION

We compared the ability of four multivariate approaches to discriminate
between morphologically similar, closely related species of European horseshoe
bats. Landmark-based geometric morphometrics performed best at species
discrimination - as measured by its highest levels of correct classification in
discriminant analysis. This is not surprising since geometric morphometrics has
long been suggested as particularly useful in detecting even relatively small,
localized changes in shape (de Camargo & de Oliveira, 2012), making this

approach particularly useful in intraspecific studies (Loy, 1996). Our results
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suggest that geometric morphometric analyses are as useful in bats as in other
groups.

This approach is not practical for rapid species identification in the field.
However, it can be used to find anatomical regions where linear measures for
species identification in the field should be taken, e.g. for other bat species where
no field identification keys exist. Perhaps most importantly, when external
morphology and species discrimination are themselves of interest geometric
morphometric methods may be especially helpful.

Using geometric morphometrics, we found interspecific differences in
horseshoe bats that were not detected by previously used methods. What is
more interesting is that we were able to identify strong trends in interspecific
shape variation associated with size. In fact, by taking into account allometric
variation using a pooled within-group regression, we removed intraspecific
allometric variation but not interspecific size-associated shape changes. We,
therefore, conclude that the clear trend observed along the first between-group
principal component - which accounts for a very high proportion of total variance -
can be interpreted as a pattern of evolutionary allometry. Allometry in bats
already has been described for various traits (e.g. Norberg, 1981; Hayssen &
Kunz, 1996; Lupold et al., 2004; Jacobs et al., 2007; Riskin et al., 2008). The
comparison of the elongated fingers of bats compared to other mammals may be
the most famous example of allometry in regard to morphology (Swartz, 1997).
However, to our knowledge, this is the first study to describe evolutionary
allometry of external wing morphology in a detailed way and across a group of
closely-related bat species.

When considering the functional implication of the shape variation we
documented in horseshoe bats, we speculate that a wing reaching farther toward
the head - i.e. moving in the positive direction of bwgPC1 (Fig 5.3) - might be
advantageous for flight in dense vegetation. Incidents when bats touch obstacles
while wings are positioned in front (ahead of the body centre) might be easier to
cope with and therefore less risky. Furthermore it may be easier for bats to
evaluate their ability to fly through a specifically narrow spot as well as increasing
their manoeuvrability. Especially R. hipposideros and R. euryale - which have
wings reaching farther towards the head - forage regularly in dense vegetation
(Reiter, 2004; Russo et al., 2005; Goiti et al., 2008; Zahn et al., 2008; Dietz et al.,
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2009; Uhrin et al., 2012). The foraging behavior of R. blasii is less studied, but it
is known to forage close to shrubs and hedges (Dietz et al., 2009). In contrast,
the larger species R. mehelyi and R. ferrumequinum are at the negative extreme
of our bwgPC1 (Fig 5.3 and Table 5.3) and these species spend more time in
less-cluttered habitat foraging above or along vegetation (e.g. pastures, hedges
or arable land) (Salsamendi et al., 2012b, Dietz et al., 2009, Flanders & Jones).
Furthermore, both species frequently hunt from perches (flycatcher style) (Dietz
2007, Dietz et al., 2009). We assume that, for this foraging behaviour, wings
reaching less far toward the head should be energetically more efficient during
flight. These assumptions should be tested in a biomechanics experiment since
bats flight performance cannot be predicted from wing shape alone (Riskin et al.,
2008, Swartz et al., 2012). We cannot determine to which extent the foraging
performance of the studied bat species in different environments might be
influenced by wing shape alone as opposed to body size as we have shown that
these co-vary across species. Former studies, however, have reported that
smaller species have better flight performance close to or within cluttered
environments (Aldridge 1985, Aldridge & Rautenbach 1987, Stockwell 2001,
Schmieder et al. 2014).

An interesting possibility to test in the future is that our results may
describe a more general phenomenon, i.e. bats foraging in dense vegetation
have wings reaching farther towards the head compared to bats foraging in edge
or open space. Norberg (1981) reported that the wings of some bat species show
strong convergence with some bird wings, e.g. Mollosid bats have wings similar
to the ones of swifts and swallows. Geometric morphometrics is scarcely used to
study wing morphology also in birds (but see Brewer & Hertel, 2007). It is,
therefore, possible that future geometric morphometric studies on birds will allow
further (and more precise) tests of the parallelism across taxa of the relationship

between wing shape and its functional significance.
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SUPPLEMENTARY MATERIAL

Species ID Year District Latitude Longitude Capture site Method
R. hipposideros Rhip003 - 004 2011 Ruse 43.8 25.9 Rocky niche Handnet
R. hipposideros Rhip001 2014 Gabrovo 42.8 25.5 Stanchov Mist net
R. hipposideros Rhip003, 004 2014 Lovech 42.9 24.5 Barima Handnet
R. hipposideros Rhip005 2014 Ruse 43.5 25.9 Ostritsa Handnet
R. blasii Rbla001 - 007 2011 Kardzhali 41.4 25.5 Samara Mist net
R. euryale Reur004 - 007 2011 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. euryale Reur012 2011 Lovech 43.2 25.0 Mandrata Mist net
R. euryale Reur016 - 017 2011 Ruse 43.6 26.0 Zorovitza Mist net
R. euryale gggrggi 883 004, 2012 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. euryale Reur001, 004 - 011 2014 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. mehelyi Rmeh001 - 008 2011 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. mehelyi [?(r)rlelhOOS, 006, 008 2012 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. mehelyi Rmeh003 - 008 2014 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. ferrumequinum Rfer002, 003 2011 Ruse 43.7 27.0 Gabarnika Handnet
R. ferrumequinum Rfer004, 005 2011 Lovech 43.2 24.4 Parnitzite Mist net
R. ferrumequinum  Rfer006, 009 2011 Gabrovo  42.4 25.1 g;”kt;"’r‘]' Mist net
R. ferrumequinum Rfer001, 002, 004, 2012 Lovech 43.2 24.4 Parnitzite Mist net
006, 008
R. ferrumequinum Rfer001 2014 Ruse 43.5 25.9 Orlova Chuka Harp trap
R. ferrumequinum Rfer002 - 007 2014 Lovech 42.9 24.5 Barima Mist net
R. ferrumequinum Rfer008 2014 Ruse 43.6 25.9 Tabachka Mist net
R. ferrumequinum Rfer009 - 010 2014 Ruse 435 25.9 Ostritsa Handnet
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Table S 5.2. Procrustes ANOVA on repeated mesures of shape in the geometric morphometric dataset.
SS=sum of squares; MS=mean squares; df=degrees of freedom.

Term SS MS df F p Pillai trace p
Species 0.06669718 0.00055581 120 5.33 <.0001 3.36 <.0001
Individual 0.22215037 0.00010430 2130 2.97 <.0001 20.65 <.0001
Fixation 0.07783701 0.00003506 2220 9.38 <.0001
Residual (picture) 0.00325134 0.00000374 870
Table S 5.4: Cross-validated correct classification rates for each pairwise
species comparison across different morphometric methods. Rates are
expressed as percentages. Species abbreviations as follows: Rhip = R. hipposideros,
Rbla = R. blasii, Reur = R. euryale, Rmeh = R. mehelyi, Rfer = R. ferrumequinum.
Data acquisition Method Rhip Rbla Reur Rmeh Rfer
Traditional morphometrics Method 1 - Rhip

46.2 - Rbla
Range: 46.2 - 89.3 89.3 58.6 - Reur
88.0 76.9 61.0 - Rmeh
88.0 538 585 6538 - Rfer
Data acquisition Method Rhip Rbla Reur Rmeh Rfer
Traditional morphometrics Method 2 - Rhip
92.3 - Rbla
Range: 58.6 - 100 100.0 58.6 - Reur
100.0 95.8 89.7 - Rmeh
100.0 82.1 93.0 737 - Rfer
Data acquisition Method Rhip Rbla Reur Rmeh Rfer
Traditional morphometrics Method 3 - Rhip
76.9 - Rbla
Range: 69.0 - 100 100.0 100.0 - Reur
100.0 100.0 69.0 - Rmeh
704 821 93.0 951 - Rfer
Data acquisition Method Rhip Rbla Reur Rmeh Rfer
Geometric morphometrics Method 4 - Rhip
84.6 - Rbla
Range: 84.6 - 100 100.0 100.0 - Reur
100.0 85.2 857 - Rmeh
100.0 100.0 100.0 97.6 - Rfer
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6. General Discussion

In this thesis, | studied the morphological and mechanical adaptations of
two similar, closely related and sympatrically occurring bat species with respect
to artificial vegetation simulating their foraging habitat.

Despite the similarities of the tested mouse-eared bats and the horseshoe bats, it
was possible to differentiate species in both ensembles in manoeuvrability
performance and morphological measures.

Within both ensembles, the smaller species performed better in the obstacle
courses. The small size does come with some disadvantages. The smaller sized
bats have generally smaller jaws and reduced bite force (Santana et al., 2010).
This is possibly why smaller bats generally feed on smaller and softer prey
(Freeman and Lemen, 2007) — a relation that was also found in the studied
species (Andreas et al., 2013; Ghazali and Dzeverin, 2013).

The methods for the obstacle course experiments between the two
ensembles were different regarding the presented obstacle spacing, the number
of repetitions, the response variables and the model type. However, for both
ensembles, the best models with a response variable related to manoeuvrability
performance consisted of the same important morphological variables or
variables of the same morphological regions. The relevance of these
morphological variables for the manoeuvrability performance in the experiments
was therefore verified and might be of more general importance. The most
important morphological variables for improved manoeuvrability were related to
the body region (shorter body length or smaller body area), heaviness (lower
mass or lower relative wing loading), tail region (longer tail length or larger tail
area), the relation of hand-wing to arm-wing regions (tip length ratio and tip area
ratio) and the relation of wing length to wing width (lower aspect ratio). In former
studies (Norberg and Rayner, 1987; Norberg 1994) it was shown, that the slower

flying and more manoeuvrable species had, in general, more rounded wing-tips.
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In contrast, | could not find a main effect of the wing-tip shape relating to
differences in manoeuvrability. Therefore, | anticipate that the shape of the wing-
tip might be of lower importance for differences in manoeuvrability performance
of closely related, similar and sympatric species.

When comparing the manoeuvrability performance of the tested mouse-

eared bats with the performance of the tested horseshoe bats, all horseshoe bats
performed better than the mouse-eared bats. On average, the narrowest space
that the mouse-eared bats could negotiate without touching any obstacle was
43 cm for M. blythii and 45 cm for M. myotis. In the horseshoe bats, the
narrowest space navigable in flight ranged from 20 cm (average for R. euryale
and R. hipposideros) to 25 cm (average for R. ferrumequinum). The performance
of the Myotis species may have increased slightly if the individuals were tested in
more trials. Nevertheless, the overall size seemed to play a major role for these
performance differences since all horseshoe bat species, except for
R. ferrumequinum, were smaller than the two mouse-eared bat species.
In terms of overall size, M. blythii was very similar to R. ferrumequinum (e.qg.,
similar body length and wing span). In contrast, the relative wing loading and the
aspect ratio were higher in M. blythii compared with R. ferrumequinum. Although
the tail length was longer and the tail area was larger for M. blythii,
R. ferrumequinum performed much better in the manoeuvrability experiment.
These results weaken the importance of the tail region and the body region and
strengthen the importance of other measurements, such as the relative wing
loading and aspect ratio, which is in line with earlier study results on distantly
related bat species (Norberg and Rayner, 1987; Norberg 1994).

From the morphology alone, | was able to show that in the body region and
tail region - which were neglected in former studies with wing pictures —
differences can be found among similar species. The newly introduced ratios for
tail-to-body length and tail-to-wing area were very helpful in finding differences
with reference to the tail region. Unfortunately, no such ratio exists for the body
region, and instead of defining a new ratio, size-independent differences in this
region could finally be proven with the help of the geometric morphometrics
method. The geometric morphometrics method was the best method to use to
find differences in shape between similar species. The differences observed in

the overall shape within the horseshoe bats — smaller bats having wings reaching
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further towards the head — have not been recorded in other studies on bats.
Though, the main relevance of these differences to flight mechanics is not yet
clear. The results from the obstacle course experiments with the horseshoe bat
species indicate that a wing closer towards the head may well be a feature
favouring better manoeuvrability. In support of this assumption, a study on the
energetic costs of short manoeuvring flight showed that the smaller horseshoe
bat species (R. euryale) had lower energy costs than the slightly larger species
(R. mehelyi) (Voigt et al., 2010). However, in the obstacle course experiment, the
species (R. euryale) that was second best in manoeuvrability had a body shape
very similar to the average shape of all horseshoe bats species, and the second
smallest species (R. blasii), which performed worse had wings reaching further
towards the head, this contradicts the prediction.

The most interesting flight performance in this study was found for R. blasii,
a species that performed worse in the obstacle course than expected and
therefore did not follow the general trend that was observed in the other species.
The longer relative body length of R. blasii was confirmed by geometric
morphometrics and seems, therefore, to be one main factor for its poorer
manoeuvrability performance. Furthermore, an enlarged propatagium was
observed in this species. The propatagium or leading edge flap is generally
known to be wider in horseshoe bats than in vespertilionid bats (Dietz et al.,
2006b). This membrane can be adjusted, is thought to suppress leading-edge
separation at higher speeds (Song et al., 2008) and seems to produce a leading
edge vortex, which could have an important function for high load manoeuvres,
such as sharp turns (Koekkoek et al., 2012). | assume that the propatagium plays
an important role for all tested horseshoe bats regarding manoeuvrability, but
because R. blasii performed worse, the larger propatagium did not seem to
increase the manoeuvrability performance in this case and, therefore, might be a
side effect of the elongated body or have another supporting function, e.g.,
relating to hovering or during take-offs from ground. This species seems to take
prey more readily from the ground than other horseshoe bats (Siemers and
lvanova, 2004), and in my experiments, this species landed and crawled more
frequently.
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Another important aspect that needs to be taken into account is the
comparison of the results with taxa other than bats. Generally, a low wing loading
and aspect ratio are known to enhance manoeuvrability in other flying animals,
such as birds or insects, and also in aircraft. In birds, similar to studies on bats,
the main emphasis concerning external morphological differences has focused
on differences in wing shape. Broad wings with rounded tips and low wing
loading are usually associated with good manoeuvrability (Norberg, 1995; Keast,
1996). The importance of long tails for improved manoeuvrability has also been
reported in several studies (Norberg, 1995; Thomas and Balmford, 1995). | am
not aware of a study comparing the manoeuvrability of closely related birds
involving body length or body area measurements. Nevertheless, for insects,
differences in the body region (reduction of abdominal segments in Diptera and
body centre of mass closer to wing base axis in Lepidoptera) were found to

increase body responsiveness (Dudley, 2002).

The results of this thesis support manoeuvrability and morphology as
adaptations of the different species to their foraging habitat and to the partitioning
of niches, possibly to reduce interspecies competition. However, | cannot
completely rule out that other factors may have influenced these differences in
morphology as well. Therefore, | will discuss some of these factors in more detail.

First of all, morphological changes can also evolve through sexual
dimorphism (Hedrick and Temeles, 1989). In many bat species, sexual
dimorphism in size has been observed, with females often being larger than
males to compensate for higher wing loading during pregnancy and pup carrying
(Myers, 1978). Furthermore, in some species, the wing dimensions of female
bats were greater for the same reasons (Myers, 1978; de Camargo and Oliveira,
2012). Sexual selection can cause dimorphism as found in some bird species
(e.g., widowbirds), where males have strongly elongated tails to attract females
(Norberg, 1995). For this dissertation, | focused on adult male bats, with one
exception: an injured female mouse-eared bat that was also tested in the
obstacle course. Therefore, the morphometric changes observed in the different
species were not biased by differences between the sexes. Because bats are
night active and vision is of lower importance, dimorphism for visual displays,

such as observed in male birds with extra-long tails, is unlikely for the tested
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species. Furthermore, no other morphological adaptations in regard to sexual
dimorphism, except for the generally larger size of the females, are known to
exist for the studied species (Arlettaz et al.,, 1991; Dietz et al., 2006a; Dietz,
2007).

The second factor that could cause morphological changes is the avoidance
of interbreeding through reproductive isolation (Schoener, 1974). Unfortunately,
only little is known about the mating systems of the tested bat species (Berthier et
al., 2006, Dietz et al., 2009). In the mouse-eared bats, hybridization between the
two tested species is still occurring (Berthier et al., 2006). For the European
horseshoe bats, no recent hybridization events were reported. Other than
morphological factors favouring reproductive isolation in the studied horseshoe
bats, differences among bats have been observed in echolocation parameters
(Schuchmann and Siemers, 2010; Schuchmann et al., 2012; Puechmaille et al.,
2014). Additionally, differences in odour might play a role in reproductive isolation
(Caspers et al., 2009; Bartonicka et al., 2010), but have not yet been reported in
the studied species. From these findings, | suppose that the influence of
interbreeding avoidance was rather low according to the morphological
differences found in my dissertation.

In the third place, a divergence in appearance to avoid habit forming
predators or in response to different hunting pressure can play a role in
morphological differences (Schoener, 1974; Eklov and Svanback, 2006;
Fernandez-Juricic et al., 2006). Actually in birds, an effect of body mass and
wing-tip pointedness was found with respect to escape responses (Fernandez-
Juricic et al., 2006). In that study, birds with higher body mass and more pointed
wing-tips fled longer distances and landed further away from potential predators
than species with lower body mass and more rounded wings. However, the
causality of the found relationship was not unambiguous (Fernandez-Juricic et
al., 2006). For bats, flight performance of more heavily loaded bats was reduced
(Aldridge and Brigham, 1988; MacAyeal et al., 2011), which could result in a
higher chance of being captured by predators. Nevertheless, insectivorous
temperate-zone bats — such as the species studied in this dissertation — were not
found to show a clear tendency to avoid apparently risky situations (e.g., moonlit
nights) in regard to predators, and few observations were recorded where bats

showed escape behaviours from predators (Lima and O'Keefe, 2013). Therefore,
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there is no evidence that the development of the observed morphological
differences within the tested species in this dissertation may have been
influenced by predators.

Last but not least, the morphological differences in the studied species
could have evolved by chance without involving competition (Brennan, 1988). For
the studied mouse-eared bats (Arlettaz et al., 1997), as well as for some of the
horseshoe bats, processes reducing competition between the species were
identified (Salsamendi et al., 2012; Russo et al., 2014). Therefore, | argue that
the importance of the observed morphological adaptations likely lies in the
reduced competition among the studied species and therefore cannot be

neglected.

PERSPECTIVES

Future studies will be necessary to show whether the importance of a
shorter body length and a wing reaching closer toward the head can be found in
other bat species that also forage close to cluttered environments.

The obstacle course and the procedure used for testing bat manoeuvrability
performance led to interesting results, but we could not entirely exclude other
factors influencing the mechanical performance as suggested by Dumont et al.
(2009). Measurements from maximum manoeuvrability performance testing of
individuals over longer periods of time and with fewer different obstacle spacings
may be necessary as the horseshoe bats improved their performance over all
three rounds in the obstacle experiment. Based on earlier studies on the tested
species, we assumed that the echolocation behaviour would not play a limiting
role in the measured manoeuvrability performance, but besides variations in the
main call frequency, differences leading to better sensory performance could be
found for other echolocation parameters, such as the number and duration of call
groups and pulse intervals, as suggested by recent studies (Falk et al., 2014;
Kothari et al., 2014). Therefore, future studies to measure and analyse the
echolocation behaviour of closely related and similar species performing in an

obstacle course would be interesting.
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7. Record of achievement / Abgrenzung der Eigenleistung

All chapters / manuscripts were written by me with help of my co-authors.

Chapter 3:

Chapter 4:

Chapter 5:

The concept for this chapter was developed by my supervisor
Dr. Bjorn Siemers and me. All obstacle course experiments
were conducted by me. The analysis was performed by me,
with help from Dr. Sandor Szeb6k for the ensonification of
obstacles and Renate Heckel who analyzed the video
recordings. The statistical analysis was performed by me with
help of Dr. Sandor Szebtk and other experts.

The concept of this chapter was mainly developed by Dr. Bjérn
Siemers and me with helpful comments on improvements by
Prof. Tigga Kingston. All obstacle course experiments and
sound recordings were conducted by me. The analysis was
designed and performed by me, with help from Renate Heckel
who analyzed the video recordings.

The statistical analysis was performed by me with help of
different experts.

The concept of this chapter was mainly developed by me with
help of Dr. Carmelo Fruciano. The wing pictures were taken by
me with help of Ivailo Borissov or other field assistants. The
analyses as well as the statistics were made by me, Dr.

Carmelo Fruciano and Hugo Benitez.
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